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                                                                                                                 Abstract
In the Sudano-Sahelian zone of West Africa (SSWA) agricultural production remains the 
main source of livelihood for rural communities, providing employment to more than 60 
percent of the population and contributing to about 30% of gross domestic product. 
Smallholder agricultural production is dominated by rain-fed production of millet, sorghum 
and maize for food consumption and of cotton for the market. Farmers experience low and 
variable yields resulting in increasing uncertainty about the ability to produce the food needed 
for their families. Major factors contributing to such uncertainty and low productivity are 
climate variability, climate change and poor agricultural management. The objective of this 
thesis was to evaluate through experimentation, modelling and participatory approaches the 
real and perceived characteristics of climate variability and change and their effects on crop 
production in order to identify opportunities for enhancing the adaptive capacity of farmers in 
the Sudano - Sahelian zone. 
The general approach was based on, first, understanding the past trend of climate and its 
effect on the yield of main crops cultivated in southern Mali; second, evaluating together with 
farmers different adaptation options in the field; third, evaluating climate adaptation options 
through experimentation on station; and fourth, evaluating the consequences of different 
adaptation options under different long term scenarios of climate change. 
Minimum daily air temperature increased on average by 0.05oC per year during the period 
from 1965 to 2005 while maximum daily air temperature remained constant. Seasonal rainfall 
showed large inter-annual variability with no significant change over the 1965 – 2005 period. 
However, the total number of dry days within the growing season increased significantly 
indicating a change in rainfall distribution. There was a negative effect of maximum 
temperature, number of dry days and total seasonal rainfall on cotton yield.  
Farmers perceived an increase in annual rainfall variability, an increase in the occurrence of 
dry spells during the rainy season, and an increase in temperature. Drought tolerant, short 
maturing crop varieties and appropriate planting dates were the commonly preferred 
adaptation strategies to deal with climate variability. Use of chemical fertilizer enhances the 
yield and profitability of maize while the cost of fertilizer prohibits making profit with 
fertilizer use on millet. Training of farmers on important aspects of weather and its variability, 
and especially on the onset of the rains, is critical to enhancing adaptive capacity to climate 
change. 
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A field experiment (from 2009 to 2011) indicated that for fertilized cereal crops, maize out 
yielded millet and sorghum by respectively 57% and 45% across the three seasons. Analysis 
of 40 years of weather data indicated that this finding holds for longer time periods than the 
length of this trial. Late planting resulted in significant yield decreases for maize, sorghum 
and cotton, but not for millet. However, a short duration variety of millet was better adapted 
for late planting. When the rainy season starts late, sorghum planting can be delayed from the 
beginning of June to early July without substantial reductions in grain yield. Cotton yield at 
early planting was 28% larger than yield at medium planting and late planting gave the lowest 
yield with all three varieties. For all four crops the largest stover yields were obtained with 
early planting and the longer planting was delayed, the less stover was produced.  
Analysis of predicted future climate change on cereal production indicated that the 
temperature will increase over time. Generally stronger increases occur in the rcp8.5 scenario 
compared to the rcp4.5 scenario. The total annual rainfall is unlikely to change. By mid-
century predicted maize grain yield losses were 45% and 47% with farmer’s practice in the 
rcp4.5 and rcp8.5 scenarios respectively. The recommended fertilizer application did not 
offset the climate change impact but reduced the yield losses to 38% of the baseline yield with 
farmer’s practice. For millet median yield loss was 16% and 14% with farmer’s practice in the 
rcp4.5 and rcp8.5 scenario. If the recommended fertilizer rates are applied to millet, the 
predicted yield losses with farmer’s practice due to climate change are reversed in both 
climate scenarios.  
Under future climate change, food availability will be reduced for the all farm types, but that 
large farm will still achieve food self – sufficiency in terms of energy requirement. The 
medium and small farm types see a further decrease in food self-sufficiency. Addressing 
smallholder food self-sufficiency depends upon the capacity of each farm type to
appropriately choose the planting date while taking into account the acceptable planting date 
window for each individual crop. 
Key words: crop production, maize, millet, sorghum, cotton, fertilizer, rainfall, temperature, 
APSIM, Mali,  
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Problem statement
In the Sudano-Sahelian zone of West Africa (SSWA) agricultural production remains the 
main source of livelihood for rural communities, providing employment to more than 60 
percent of the population and contributing to about 30% of gross domestic product (FAO, 
2012). Smallholder agricultural production is dominated by rain-fed production of millet, 
sorghum and maize for food consumption and of cotton for the market. Farmers experience 
low yields resulting in increasing uncertainty about being able to produce the food needed for 
their families (Breman and Sissoko, 1998; Drechsel et al., 2001). Major factors contributing to 
such uncertainty and low productivity are climate variability, poor soil fertility, poor 
agricultural management and climate change. 
In West Africa soil fertility is inherently low (Bationo and Buerkert, 2001; Giller et al., 2011;
Piéri, 1989; Vanlauwe et al., 2011) and represents the main constraint for agricultural 
development. This situation is aggravated by the reduction of fallow lengths, cultivation of 
fragile lands, limited use of inorganic fertilizer due to high world market fertilizer prices and 
limited access to credit (de Graaff et al., 2011; Ehui and Pender, 2005). In addition, low 
availability of organic fertilizers contributes to the decline in soil fertility. Land degradation 
including both water and wind erosion further impoverishes the soils in this region (Cleaver 
and Schreiber, 1994). 
On top of low soil fertility, constraints related to current climate variability and future climate 
change affect crop yields. Indeed, since the early 1990s the Intergovernmental Panel for 
Climate Change (IPCC) has provided evidence of accelerated global warming and climate 
change. The latest IPCC’s Fifth Assessment Report (AR5) presents new evidence of climate 
change (IPCC, 2013). The global average temperature showed a warming of 0.78 (0.72 to 
0.85) °C over the period of 1850 to 2012, and current predictions for the end of the 21st
century are that global average temperature increase will be between 1.5°C, and 2°C (IPCC, 
2013). In Africa  global warming is likely to be even larger than the global annual mean 
warming, and this across  the whole continent and across all seasons (IPCC, 2013). 
The increase would be less marked in Guinean areas and the highest increase would take 
place in the Western Sahelian region (FAO, 2008b). For rainfall, significantly increases have 
been observed in the eastern parts of North and South America, in northern Europe and in 
northern and central Asia, while a decrease and drying has been observed in the Sahel (IPCC, 
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2007b), against the background of strong multi decadal variability in rainfall (Dai and 
Trenberth, 2004; Le Barbé et al., 2002). In the Sahel region, wet conditions in the 1960s 
alternated with drier conditions in the 1970s and 1980s. Evidence of changes in rainfall at 
global scales is complex because of large regional differences, gaps in spatial coverage and 
lack of long term data. Climate predictions indicate that the contrast in rainfall between wet 
and dry regions and between wet and dry seasons will increase (IPCC, 2013) even though the 
projections of rainfall are uncertain for the West African region because of uncertainty in the 
quantification of potential vegetation-climate links. Different global circulation models do not 
agree in their predictions of climate change for the region, although results of a number of the 
models indicate that on average the amount of rainfall in Mali will not change, but that the 
inter-annual variability of the amount of rainfall will increase. Also the frequency of extreme 
droughts is expected to increase (Traore et al., 2007; Washington and Harrison, 2004) 
Climate variability and change is a reality that is affecting rural livelihoods in West Africa 
today and presents a growing challenge in the region, as in many other parts of the African 
continent and elsewhere (Jalloh et al., 2013). Climate change will have far reaching 
consequences for the poor and marginalized groups of which the majority depends on 
agriculture for their livelihoods and have a low capacity to adapt.  
Climate extremes that occurred in 1972 and 1984 demonstrated the highly variable climate 
conditions, and illustrated  the difficulty of majority of sub Saharan smallholder to cope with 
extremes climate events (Cook et al., 2004; IPCC, 2001; Segele and Lamb, 2005; Washington 
and Preston, 2006). With projections of future climate suggesting that the continent will 
become drier (Desanker and Magadza, 2011; Hulme et al., 2001) and extremes more frequent 
(IPCC, 2007b), it is clear that climate change will cause more harm to poor countries because 
their people rely more heavily on natural resources which are susceptible to destruction by 
floods and drought that are caused by climatic changes. This, in turn is likely to negatively 
affect the livelihoods of the poor as well as deepen poverty (Hope, 2009). 
For many countries, changes in rainfall are expected to constrain agricultural production and 
therefore detrimentally impact food security. An example of this might be a reduction in the 
growing season length or increased uncertainty in the start of the growing season. As 
consequence agricultural yields in some countries are projected to fall by 50% by 2020 and 
overall crop revenue might decrease by 90% by 2100 (Boko et al., 2007). Because of their 
low adaptive capacity, small-scale farmers are likely to be the worst affected by these 
decreases in revenue (Boko et al., 2007). Sultan et al. (2013) predicted for eight contrasting 
sites in the Sudano-Sahelian zone of Burkina Faso, Senegal, Mali and Niger using a process-
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based crop model a negative impact on yields of millet and sorghum of up to -41% by the end 
century under an scenario with increased temperature and decreased rainfall. Muller (2011) 
and Roudier et al. (2011) predicted across West Africa crop yield decreases of up to 50% as a 
result of increasing temperature. Futhermore, when warming exceeds 2 oC, negative impacts 
caused by this temperature rise cannot be counteracted by any potential positive change in 
rainfall (Sultan et al., 2013). 
Adaptation options based on appropriate planting dates are important for maximizing cereal 
grain yields because optimum planting dates favour the establishment of healthy and vigorous 
plants (Egharevba, 1979). Generally, planting time in the Sudano-Sahelian zone coincides 
with the first substantial rains of the season in order to optimize yields of both grain and straw 
(Egharevba, 1979). However, due to the erratic rainfall pattern s, the first rain suitable for 
planting is often followed by several dry days that may cause the planting to fail and oblige 
the farmer to replant. Delayed planting can avoid this problem, but late planting results in a 
substantial shortening of the growing season and, consequently, in lower yields. Another 
constraint related to the planting date is the availability of labour, especially at the beginning 
of the rainy season. Lack of, or insufficient labour can hinder the capacity of the farmer to 
prepare the soil, thereby causing a delay in the planting date (Mohino et al., 2011).  
In the smallholder farming system of southern Mali, the cropping area allocated to food crop 
(maize, millet and sorghum) and to cash crop (maize and cotton) vary according to farm types 
(Bazile and Soumare, 2004). Large and medium farm types are more cash crops oriented 
while small farm types are more food crops oriented. Long duration varieties mostly planted 
early produced more because they could make use of the longer period for grain filling (Bello 
et al., 2012). Short duration varieties require lower temperature sums to reach flowering 
earlier, are in general associated with low grain yield (Akbar et al., 2008) but can be harvested
early in order to meet food shortage during the lean period (Fok et al., 2000). The choice of 
the variety is as important as planting date. Clear choices of varieties need to be made by the 
farmer depending on the start of the rainy season. 
Crop management practices based on crop diversification, adjusting the planting date and 
choice of variety are the adaptation strategies most readily available to farmers to deal with 
the effects of climate variability, but quantitative information for these options is scant for the 
Sudano-Sahelian region. A good understanding of seasonal weather variability patterns is of 
critical importance. 
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To guide future adaptation we need an understanding of past and current climate and coping 
strategies, to better understand what is acceptable to farmers. This information in combination 
with farmers’ perceptions of climate change and variability is key to prioritize measures to 
address and prepare for climate impact.  
Objectives  
In this study, I assess through experimentation, modelling and participatory approaches the 
real and perceived characteristics of climate variability and change and their effects on crop 
production  in order to identify opportunities for enhancing the adaptive capacity of farmers in 
the Sudano - Sahelian zone. The hypothesis in this study was that rain-fed agricultural 
production is negatively affected by climate change and variability, but that adaptation 
options exist to stabilize yields that are accessible, adoptable, and relevant to smallholder 
farmers. 
Specific objectives 
The specific objectives of my study are: 
a) To quantify possible changes of climate and its variability and their impact on yield of 
cotton, sorghum, and groundnut over 30 years in southern of Mali. 
b) To understand farmer’s perceptions of climate change and agricultural adaptation 
strategies; 
c) To evaluate the effects of planting date on the yield of long, medium and short duration 
varieties of maize, millet, sorghum and cotton in southern of Mali; 
d) To quantify and evaluate the impact of climate change on crop production and the risk of 
crop failure under different future climatic scenario and identify climate adaptation 
options;
Study setting  
The study was performed in southern of Mali. I deliberately selected this region because while 
it is only 13.5% of the Malian territory, it represents 50% of the cultivable lands of the 
country. Smallholder agricultural production is dominated by rain-fed production of millet, 
sorghum and maize for family food consumption and of cotton for the market. Agriculture is 
the major livelihood activity for 70% of the population. 
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Cropping systems are characterized by low productivity due to erratic rainfall, poor soil 
fertility, and poor crop management with few external inputs. The capacity of these systems 
to support local food security depends to a large extent on the seasonal patterns of rainfall, 
which vary strongly between years. The agricultural sector is negatively affected by climate 
variability, including heat waves, droughts, floods, and other extreme weather events. A major 
constraint for crop production is the amount of rainfall and its intra and inter-annual 
variability. Seasonal rainfall amount, intra-seasonal rainfall distribution and dates of 
onset/cessation of the rains influence crop yields and determine the agricultural calendar. The 
risk of crop failure is likely to become higher considering the future climate predictions for 
West Africa. 
Our general approach (Fig 1.1) was based on, first, understanding the past trend of climate 
and its effect on the yield of main crops cultivated in southern Mali; second evaluating 
together with farmers different adaptation options in the field; third evaluating climate 
adaptation options through experimentation on station; and fourth evaluating the 
consequences of different adaptation options under different long term scenarios of climate 
change.  
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Fig 1.1: Thesis structure indicating connection between chapters and respective hypotheses
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Outline of the thesis 
This thesis consists of six chapters (Fig 1.1), including this general introduction (Chapter 1). 
Chapter 2 to 5 contain the main findings of this study. All chapters have been written as 
independent research articles and published in /or to be submitted in peer reviewed journals. 
Chapter 2 evaluates the effects of climate change and climate variability on crop production in 
southern Mali. We used a long term climatic data to explore changes in climate trend in 
southern Mali together with long term experimental data from the N’Tarla research station 
and from on farm field trials to evaluate the effect of climate change and variability on yield 
of sorghum, groundnut and cotton.  
In Chapter 3, we evaluate farmer’s perceptions of climate change and climate variability by 
conducting individual farm surveys and group discussions. Diversifying crop cultivars, 
staggering planting date and application of fertilizer were identified as the major adaptation 
options to stabilize crop yields under uncertain rainfall conditions. We then set up 
participatory on-farm experiments on maize and millet to evaluate the above mentioned 
adaptations options as a means to cope and to adapt to climate change and variability.  
In Chapter 4, we explore different cropping adaption options by using short, medium and long 
duration varieties and different planting dates of maize, millet, sorghum and cotton in a large 
on-station experiment for three years. This work was motivated by the erratic start of rainy 
season that can delay the planting date and result in yield penalties, and evaluates several 
options that farmers have to compensate for a late start of the growing season.  
In Chapter 5, we use the crop model Agricultural Production Systems sIMulator (APSIM) to 
evaluate the sensitivity of maize and millet to predicted future climate change and climate 
variability. We first calibrated and tested the crop model of maize and millet using data from 
the three years experiment (Chapter 4). For constructing the climate change scenarios we used 
the average of future climate data provided by five global circulation models used within the 
framework of Coupled Model Intercomparison Project (CMIP5). Estimates are the potential 
change in maximum and minimum temperature and rainfall by the mid-century according to 
two emission scenarios based on two different scenarios for greenhouse gas emissions. The 
objective was to quantify the effect of changing climate on grain yield of maize and millet,
and evaluate the potential of different adaptation options to compensate for the yield loss due 
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to climate change. We discuss the implication of the negative effect of climate change on crop 
production and farmer’s livelihood in southern Mali 
In Chapter 6, I place the impact of climate into the broader context of smallholder farming 
systems in the Sudano - Sahel region in West Africa, focusing on crop production.  Impacts of 
climate on the food self-sufficiency of different farm types are quantified and discussed. 
Finally, the major conclusions drawn from the study are presented.  
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                                                                                                                Chapter 2 
Effects of climate variability and climate change on crop production in 
southern Mali
1
                                                
This chapter has been published as: 
Traore, B., Corbeels, M., vanWijk, M. T., Rufino M. C., Giller, K. E. 2013 Effects of climate 
variability and climate change on crop production in southern Mali. European Journal of  
Agronomy 49: 115 – 125
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Abstract 
In West Africa predictions of future changes in climate and especially rainfall are highly 
uncertain, and up to now no long-term analyses are available of the effects of climate on crop 
production. This study analyses long-term trends in climate variability at N’Tarla and Sikasso 
in southern Mali using a weather dataset from 1965 to 2005. Climatic variables and crop 
productivity were analysed using data from an experiment conducted from 1965 to 1993 at 
N’Tarla and from a crop yield database from ten cotton growing districts of southern Mali.
Minimum daily air temperature increased on average by 0.05°C per year during the period 
from 1965 to 2005 while maximum daily air temperature remained constant. Seasonal rainfall 
showed large inter-annual variability with no significant change over the 1965-2005 period. 
However, the total number of dry days within the growing season increased significantly at 
N’Tarla, indicating a change in rainfall distribution. Yields of cotton, sorghum and groundnut 
at the N’Tarla experiment varied (30%) without any clear trend over the years. There was a 
negative effect of maximum temperature, number of dry days and total seasonal rainfall on 
cotton yield. The variation in cotton yields was related to the rainfall distribution within the 
rainfall season, with dry spells and seasonal dry days being key determinants of crop yield. In 
the driest districts, maize yields were positively correlated with rainfall. Our study shows that 
cotton production in southern Mali is affected by climate change, in particular through 
changes in the rainfall distribution. 
Key Words: Climate change; Temperature increase; Rainfall variability; Cotton ; West
Africa
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2.1. Introduction 
Since the early 1990s the Intergovernmental Panel for Climate Change (IPCC) has provided 
evidence of accelerated global warming and climate change. The last IPCC report concludes 
that the global average temperature in the last 100 to 150 years has increased by 0.76 °C 
(0.57°C to 0.95°C) (IPCC, 2007b). Finding evidence of global trends in rainfall is complex 
because of large regional differences, gaps in spatial coverage and temporal shortfalls in the 
data. Rainfall generally increased over the 20th century in eastern parts of North and South 
America, northern Europe and northern and central Asia. Drying has been observed in the 
Sahel, the Mediterranean region, southern Africa and parts of southern Asia (IPCC, 2007b).
Furthermore, there is evidence for increases in the frequency of both severe droughts and 
heavy rains in many regions of the world. Climate change due to greenhouse gas emissions is 
expected to further increase temperature and alter precipitation patterns. All 21 General 
Circulation Models (GCMs) used by IPCC predict a temperature increase in sub-Saharan 
Africa in the order of 3.3°C by the end of the 21st century. With regard to predicted changes 
in rainfall amounts in sub-Saharan Africa, the uncertainty is considerably greater and in many 
instances models do not agree on whether changes in rainfall will be positive or negative 
(Cooper et al., 2008). 
Rainfed agriculture produces nearly 90% of sub-Saharan Africa’s food and feed (Rosegrant et 
al., 2002), and is major livelihood activity for 70% of the population (FAO, 2003). This 
agricultural sector is negatively affected by climate variability, particularly through heat 
waves, droughts, floods, and other extreme weather events.  Overall, the success or failure of 
crop production under rainfed conditions in Sudano-Sahelian West Africa is strongly linked to 
rainfall patterns (Graef and Haigis, 2001b).  
In West Africa, a combination of external and internal forces makes the climate of the region 
one of the most erratic in the world (Zeng, 2003). Annual cycles of rainfall are strongly 
determined by the position of the inter-tropical convergence zone (WCRP, 1999). Many 
studies have characterized the rainy season in West Africa; most of them were based on 
decadal, monthly or total annual rainfall analysis (Ati et al., 2002; Nicholson, 1980;
Sivakumar et al., 1984) while others studies described the start and end of rainy season (Diop,
1996; Dodd and Jolliffe, 2001; Omotosho et al., 2000; Stern and Coe, 1982). A good 
understanding of seasonal variability patterns is of critical importance because of the highly 
unstable onset of the rainy season and the high frequency of dry spells. The last century’s 
climate in Sudano-Sahelian West Africa was marked by high spatial and temporal variability 
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and by alternations between dry and wet seasons (Servat et al., 1998). A review by Traoré et 
al. (2007) of current knowledge on the regional climate in Sudano-Sahelian West Africa 
revealed that rainfall remains unpredictable. This rainfall unpredictability is a major constraint 
for farmers who have to plan the start of the cropping season (Piéri, 1989). The first rains are 
not always followed by the full start of the monsoon (Sultan and Janicot, 2003), dry spells can 
occur afterwards, i.e. during the early stages of the crop growth so that seeds may not 
germinate properly or germinated plants may die off. However, if sowing is delayed, the land 
may be too wet to till. 
Southern Mali occupies 13.5% (approximately 160.825 km2) of the Malian territory. It
represents 50% of the cultivable lands of the country and holds 40% of the Malian population.
In southern Mali agricultural activities play an essential role in supplying food to the country; 
they represent 45% of the country’s income (Deveze, 2006). Most people in the region are 
likely to be vulnerable to climate variability (Sivakumar et al., 2005). Hence, it is imperative 
to better quantify climate variability and change and their effects on crop production. Several 
studies analysing long-term relationships between climate and crop yields have been 
published recently (Kucharik and Serbin, 2008; Lobell and Burke, 2008; Lobell et al., 2008;
Lobell and Field, 2007), but none of these focused on West Africa.
We analysed long-time series of weather data recorded in southern Mali, and crop yield data 
from an experiment at the Research Station of the Institut de l’Economie Rurale at N’Tarla 
and from farmers’ fields in ten districts in southern Mali. The objectives of this study are 
therefore: (i) to quantify possible changes in climate and crop production over 30 years in 
southern Mali and (ii) to quantify the effect of annual climate variability and change on crop 
production.
2.2. Methods 
2.2.1. Study area and source of data 
The climate in southern Mali is typical of the Sudano-Sahelian zone. Average long-term 
annual rainfall is 846±163 mm at N’Tarla (12°35’N, 5°42’W 302 m. a. s. l.) and 1073 mm ± 
187 at Sikasso ( 11°35’N, 5°68 W 374 m. a. s. l.). The rainy season extends from May to 
October and the seasonal average temperature is 29°C. During the dry season (November to 
April) the temperature and saturation vapour deficit increase and crop production is 
impossible without irrigation (Sivakumar, 1988). 
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The most common farming systems in the region are extensive mixed agrosylvo-pastoral 
systems, focused around cotton (Gossypium hirsutum L.) - the main cash crop- in rotation 
with cereals – sorghum (Sorghum bicolor (L.) Moench), pearl millet (Pennisetum glaucum 
(L.) R.Br.), maize (Zea mays L.) – and legumes – groundnut (Arachis hypogaea L.) and 
cowpea (Vigna unguiculata (L.) Walp.). Cotton and to a lesser extent maize, receive nutrient  
inputs in the form of organic manure and/or chemical fertilizer, as well as pesticides. Other 
cereal crops seldom receive any fertilizer. As a result, soils are often mined and soil organic 
matter contents are declining (Piéri, 1989). Cattle, goats and sheep are the main livestock 
species. Agro-pastoralists generally practice sedentary farming, although due to large herd 
sizes and the lack of feed resources, transhumance is practiced in the dry season. 
2.2.2. Climate data 
The meteorological data used for the climate analysis in this study were recorded at the 
meteorological stations of N’Tarla (12°35’N, 5°42’W 302 m. a. s. l.) and Sikasso (11°35’N, 
5°68 W 374 m.a.s.l). The database contained long-term (from 1965 to 2005) records of daily 
rainfall and minimum and maximum temperatures. Daily minimum and maximum 
temperature were averaged over the rainy season to represent the seasonal temperatures. For 
the districts, we used the annual rainfall data as they were recorded at the different districts 
with rain gauges.
2.2.3. Long-term crop experiment 
An experiment was conducted from 1965 to 1993 at the N’Tarla agricultural research station 
(12°35’N, 5°42’W 302 m. a. s. l.) to determine the long-term impact of cotton-based cropping 
systems on soil fertility (IRCT, 1969). The trial was set up according to a Fisher block design 
with three crops (cotton, sorghum, groundnut) as part of a rotation, four fertilization 
treatments and four replications. Initially, a 3-year crop rotation cotton-sorghum-groundnut 
was used, from 1968 the crop rotation was cotton-sorghum-groundnut-sorghum and in 1976 
returned to the 3-year rotation cotton-sorghum-groundnut. At the start of the experiment, the 
four fertilization treatments were: an unfertilized control, application of manure, application 
of mineral fertilizer and the combined application of manure and mineral fertilizer. The 
fertilizer treatments were modified over time, with the aim to limit soil fertility decline. In the 
first phase (1965-1979) of the experiment, mineral fertilizer and manure (9 t DM ha-1) were 
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applied only to cotton. From 1980 onwards, mineral fertilizer was allocated to the three crops 
and manure to cotton (6 t DM ha-1) and sorghum (3 t DM ha-1). Mineral fertiliser was then 
also applied in the control treatment. Weed and pest control were carried out on all treatments 
according to the standards recommended by the local agricultural research institute 
(IER/CMDT/OHVN, 1998).
The soils of the experimental site are highly weathered and classified as Lixisols (FAO, 
2006). They have a sandy-loam texture (< 10% clay) at the surface, but are richer in clay with 
depth (30% at 60 cm depth). Soil organic carbon content is low (0.3%), pH is around 6 and 
CEC is less than 3 cmol (+) kg-1. They are typical soils for the region.
For the analysis of impacts of climate variability and change on crop production, we used only 
the crop yields of the treatment with the combined application of manure and mineral 
fertilizer. Since in this treatment there was no significant trend in soil carbon over time, we 
did not expect soil carbon or soil fertility in general, to have a strong influence on trends in 
crop yields. We, therefore, assumed that water was the main limiting factor. On the other 
hand, to evaluate the long-term effects of soil fertility on crop production, the crop yields in 
the control treatment were used. 
2.2.4. Crop yields from farmers’ fields 
Crop yield data from ten cotton growing districts of southern Mali (Fig 2.1.) were obtained 
from the Malian cotton company (Compagnie Malienne pour le Développement des Textiles). 
From the available data, a database was developped with average yields at district level for 
cotton (1974-2005) and maize (1994-2005) together with the corresponding annual rainfall in 
the districts to evaluate yield-rainfall relationships. Yields from the database represent actual 
farmers’ crop yields that were recorded by the cotton company in the villages of the respective 
districts. 
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Fig 2.1.: Map of cotton districts in southern Mali with rainfall isotherms.
2.2.5. Climate analysis  
The 41 years of daily weather data were analysed for changes in pattern and variability. 
Trends were examined using linear regression models with the rainfall and temperature as the 
dependant variables and year as the independent variable. Correlations coefficients (r) were 
used to describe the relationships between the different variables. The variables included in 
the rainfall analysis were annual rainfall, number of rainy and dry days, date of start and end 
of the rains, the length of the rainy season and the distribution of dry spell periods of different 
lengths.  
The start of the rainy season was defined as the moment when, counting from 1st May, 
cumulative rainfall for two consecutive days was larger than 20 mm and there was no dry 
period longer than 10 days with no rainfall within the following first 30 days after onset 
(Raman, 1974; Stern and Cooper, 2011; Stern et al., 1981). This period corresponds to land 
preparation and first sowing of crops. The end of the rainy season was defined as the moment 
when, starting from 15 September, there is a 10-day period without rain. In this period soil 
water is gradually depleted and the crops mature. Based on the annual values of the start and 
end date of the rainy season we calculated the length of the rainy season.  
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The occurrence of long dry spells during the growing season of a crop is a major agricultural 
hazard (Shaw, 1987; Stern and Coe, 1982); therefore we quantified the probabilities of the 
occurrence of dry spells of different lengths (Archer, 1981; Stern et al., 1981). A day was 
considered to be “dry” when daily rainfall was lower than 0.1 mm. The daily observations 
were represented as successive sequences of dry and wet periods and the total number of 
occurrences of 5, 7, 10, 15, 20 and 30 days dry spells across the years were calculated. The 
differences in probability of occurrence of certain dry spells between dry and wet years were 
analysed, and between years in which crop yield was high (>3 t ha-1) and low (<1 t ha-1) for 
cotton. 
2.2.6. Correlating crop yields and climate 
Crop yields from the N’Tarla long-term experiment were averaged per year across the 
different sequences in the rotation. The resulting yields of cotton, sorghum and groundnut 
were analysed for the 1965 to 1993 period by correlating them with meteorological variables 
using simple linear regression models. In addition, a statistical analysis was performed to 
determine relationships between differences (year-to-year changes) of crop yields and climatic 
variables such as temperature and annual rainfall (Lobell et al., 2005; Nicholls, 1997). Crop 
yield data from farmers’ fields in ten cotton districts in southern Mali were correlated with 
annual rainfall over the period 1974-2005 for cotton and over the period 1994-2005 for maize 
using simple linear regression models. 
2.3. Results 
2.3.1. Observed climate trends 
Seasonal minimum daily air temperature increased significantly (P<0.01) over time (Fig. 
2.2.a) at N’Tarla and Sikasso with an average rise of 0.06oC per year for the period 1965-
2005. The increase in seasonal maximum daily air temperature at N’Tarla was also significant 
during the period 1965-2005 (0.02°C per year) (Fig. 2.2.b); the increase took place 
particularly between 1965 and 1993 (0.08°C per year). In contrast, at Sikasso maximum air 
temperature decreased significantly by 0.01°C per year over the period 1965-2005. The 
average seasonal minimum and maximum temperatures over the period 1965-2005 were 
respectively 23°C and 35°C at N’Tarla and 22°C and 33°C at Sikasso. The number of dry 
days (Fig. 2.2.c) increased significantly between 1965 and 2005 at N’Tarla (P<0.05) but not 
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(P>0.05) at Sikasso. Over the period 1965-2005, no significant trend in annual rainfall was 
observed at either sites (Fig. 2.2.d), but rainfall decreased signficantly between 1965 and 1993 
at N’Tarla.
2.3.2. Rainfall variability 
Both the number of dry days and seasonal rainfall showed interannual variability with a 
coefficient of variation of respectively 7% and 20% at N’Tarla and 12% and 17% at Sikasso. 
The start date of the rainy season was the most important factor determining the length of the 
season at both sites (Fig 2.3a); its relationship with the length of the season (r = - 0.81 at 
N’Tarla, r = -0.87 at Sikasso, P< 0.01) was much stronger than that of the end of the rainy 
season. 
Fig 2.2.: Variation in climatic variables between 1965 and 2005 at N’Tarla, and Sikasso in southern 
Mali. (a) Regression of seasonal minimum temperature and year for N’Tarla:Y = 0.05x − 68.34 (r = 
0.70***, n = 41) and Sikasso: Y = 0.04x − 50.12 (r = 0.79***, n = 41). (b) Regression of seasonal 
maximum temperature and year for N’Tarla: Y = 0.014x − 6.26(r = 0.20, n = 41) and at Sikasso: Y = 
−0.018x + 69.29 (r = −0.44**, n = 41). (c) Regression of seasonal dry days over the period 1965–2005 
at N’Tarla: Y = 0.2x − 350 (r = 0.33*, n = 41) and at Sikasso: Y = 0.2x − 211 (r = 0.15, n = 41). (d) 
Regression of seasonal rainfall and year for N’Tarla: Y = −0.12x + 1045.3 8 (r = −0.13, n = 41) and at 
Sikasso: Y = −1.97x + 4967.8(r = −0.13).
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Start and end dates of the rainy season were not correlated and did not change over the period. 
The number of dry days and rainfall were significantly correlated (r = 0.66 both at N’Tarla 
and Sikasso, P< 0.01 Fig 2.3b). The length of the rainy season was significantly (r= 0.47, 
P<0.01) correlated to the seasonal rainfall (Fig 2. 3c) at both sites.  
2.3.3. Impact of climate on crop yields 
Before studying the relationship between crop yields and climate variables, we analysed the 
crop yield trends over the 30 years of experimentation at N’Tarla. Yields of cotton, sorghum 
and groundnut from the experimental treatment with combined application of mineral 
fertilizer and manure at the N’Tarla research station were highly variable from year to year
with no clear trend over time (Fig 2.4). The coefficients of variation were respectively 27%, 
45% and 40% for cotton, sorghum and groundnut. Correlating changes in sorghum and 
groundnut yields with changes in climate variables revealed no significant (P>0.10)
relationship (Fig 2. 5. and Fig 2. 6.) while cotton yield was significantly (P <0.05) related to 
seasonal maximum temperature, rainfall and number of dry days (Fig 2.7). 
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Fig 2.3.: Relationships between climatic variables 
from 1965 to 2005 at N’Tarla and Sikasso in 
southern Mali. (a) Regression of length of rainy 
season and onset date for N’Tarla: Y = −0.93x + 
279 (r = 0.65***, n = 41) and Sikasso: Y = 
−1.176x + 323 (r = 0.75***, n = 41). (b) 
Regression of seasonal dry days and seasonal 
rainfall for N’Tarla: Y = −0.03x + 143.38 (r = 
0.66***, n = 41) and Sikasso: y = −0.04x + 
140.94(r = 64***, n = 41). (c) Regression of 
length of rainy season and seasonal rainfall 
forN’Tarla: Y = 0.05x + 100.87 (r = 0.47**, n = 
41) and Sikasso: Y = 0.07x + 100.79 (r = 51**, n
= 41).
Fig 2.4.: Yields of cotton, sorghum and groundnut 
(t/ha) in the treatment with combined application 
of mineral fertilizer and manure in the long-term 
experiment conducted from 1965 to 1993 at 
N’Tarla agriculture
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Fig 2.5.: Changes in mean yields of sorghum (t/ha) against change in seasonal minimum 
temperature, seasonal maximum temperature, seasonal rainfall and number of dry days in the long-
term experiment conducted from 1965 to 1993 at N’Tarla agricultural research station in southern 
Mali. (Regressions are not significant for a, b, c and d.)
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Fig 2.6.: Changes in mean yields of groundnut (t/ha) against change in minimum temperature, 
maximum temperature, annual rainfall and number of dry days in the long-term experiment 
conducted from 1965 to 1993 at N’Tarla agricultural research station in southern Mali. (Regressions 
are not significant for a, b, c and d.)
An increase of 0.08oC of maximum temperature during the rainy season corresponds to a 
yield loss of 24 kg ha-1 of cotton whereas the effect of the minimum temperature increase was 
insignificant. A wide range of cotton yields were observed for similar amounts of rainfall 
(Fig. 7c), and the relationship between rainfall and cotton yield resembles more a so-called 
step-function, represented by the dashed line in Fig. 7c. An important factor explaining this 
yield variation in the ‘step’ of the step-function is the rainfall distribution within a rainy 
season.  Rainfall resulting in high yields (Fig. 7c, e.g. 1990) had a regular distribution during 
the early part of the growing season for cotton, whereas rainfall resulting in low yields (Fig. 
7c, e.g. 1993) had an irregular distribution (Fig. 8). Within the period June - July there were 
32 dry days in 1990 against 37 dry days in 1993. The effect of dry days during the rainy 
season on cotton yield was significant (P < 0.01): an increase of one dry day during the rainy 
season lead to a yield loss of 41 kg ha-1. Within the growing season, the increase of the 
number of dry days was significantly related to the number of 5-day and 7-day period dry 
spells (Fig. 9). It therefore seems that length of the dry spell is a good indicator for the quality 
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Fig 2.7.: Changes in mean yields of cotton (t/ha) against change in minimum temperature, maximum 
temperature, annual rainfall and number of dry days in the long-termexperiment conducted from 1965 
to 1993 at N’Tarla agricultural research station in southern Mali. Regressions are not significant for a 
but significant for b, c and d (P < 0.05).
Fig 2.8.: An example of dry spell analysis for two contrasting years (1990 and 1993) that received 
similar cumulative rainfall at N’Tarla agricultural research station in southern Mali. The number of dry 
days was 132 in 1990 and 126 in 1993. 
of the rainfall distribution within a growing season.  
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Multiple linear regressions indicated a significant effect of rainfall on cotton yield: on average 
1 mm of rain is converted into 2 kg of cotton (Table 2.1). The estimated impact of the decline 
in seasonal rainfall between 1965 and 1993 on cotton was -17 kg ha-1 year-1, -4 kg ha-1 year-1
for minimum temperature, and 4 kg ha-1 year-1 for maximum temperature (Table 2). 
Table 2.1: Multiple linear regression analysis of cotton yield and climatic variables in the long-term 
experiment conducted from 1965 to 1993 at N’Tarla agricultural research station, southern Mali.
Variable Estimate SE t-value P
Intercept (kg/ha) 256 7430 0.03 0.97
Yield effect of
Seasonal rain (kg/ha/mm) 2.1 0.95 2.18 0.04
Seasonal Tmin (kg/ha/oC) -66 202 -0.33 0.75
Seasonal Tmax (kg/ha/oC) 53 267 0.2 0.84
Multiple R2=0.31, P =0.05
Table 2.2: Trends of climatic variables and impact on cotton yields in the long-term experiment 
conducted from 1965 to 1993 at N’Tarla agricultural research station, southern Mali.
Rainfall Tmin Tmax
Change/season -7.5 0.07 0.08
Estimated impact (kg/ha/season) -15.47 -4.29 4.24
 
The correlation of the average farmers’ cotton yields in ten districts of southern Mali with 
annual rainfall indicated no significant (P>0.10) relationship. There was a tendency towards a 
negative correlation in the wettest districts (Sikasso, Konlondieba and Bougouni) (Table 2.3). 
Fig 2. 9.: Regression between dry spells /season and number of five days dry spell (a) and seven days 
dry (b) periods in a year over the period 1965–2005 at N’Tarla agricultural research station in southern 
Mali. (a) Y = 1.9176x + 104.74***, (b) Y = 1.9186x + 104.43*.
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On the contrary, average maize yields on farmers’ fields showed a significant positive 
correlation with rainfall in the driest districts (San, Diola, Marakakoungo and Konobougou).  
Table 2.3: Simple linear regression coefficients between cotton and maize yields against total annual 
rainfall in 10 cotton districts of southern Mali  
Cotton Maize Average 
rainfall 
(mm)Cotton district R2 Slope estimate Prob. R2 Slope estimate Prob.
Koutiala 0.0 0.007 1128 0.965 0.09 0.481 1375 0.258 859
Mpessoba 0.07 0.132 1057 0.55 0.04 0.542 1169 0.49 887
Sikasso 0.03 -0.176 1507 0.333 0.03 0.202 2100 0.467 1114
Bougouni 0.06 -0.201 1322 0.169 0.04 0.326 1564 0.451 1126
Konlondieba 0.09 -0.419 1580 0.123 0.14 0.787 880 0.313 1078
Kimparana 0.07 -0.336 1157 0.212 0.00 0.12 1306 0.865 748
San 0.05 0.472 478 0.281 0.44 1.143 355 0.013 658
Diola 0.03 -0.233 1362 0.353 0.2 0.783 1218 0.091 798
Marakakoungo 0.0 0.017 1113 0.941 0.24 0.922 930 0.059 787
Konobougou 0.0 0.038 956 0.909 0.23 0.865 1015 0.086 719
All districts 0.06 0.2724 855 0.001 0.32 0.988 871 0.001 862
 
2.4. Discussion
2.4.1. Climate trends  
Observed climate trends at two meteorological stations in southern Mali, N’Tarla and Sikasso, 
were similar. The increase in the annual minimum temperature of 0.5oC per decade observed 
at both stations is higher than the forecast rise of 0.3oC per decade on a global scale in the 
next century (Abrol and Ingram, 1997). In the Sahara region and West Africa warming is 
projected to occur more rapidly than the global average (GIEC, 2007). 
There was a significant decrease in rainfall between 1965 and 1993 at N’Tarla, and a 
significant increase in the number of dry days. From the previous analysis at the scale of West 
Africa, Nicholson et al. (2000) concluded that a decrease in rainfall occurred during 1968–
1997 with annual rainfall on average some 15 – 40% less in 1968-1997 than during the period 
1931-1960. The period between 1965 and 2005 was especially marked by droughts during 
1972-1973 and 1983-1984 with respectively 640 mm and 482 mm of rainfall at N’Tarla while 
at Sikasso it was 765mm and 671 mm. Our analysis showed that in terms of rainfall amount 
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and distribution, there is a clear indication that the Sikasso area is currently like what N’Tarla 
was 40 years ago, and that climate bands are shifting in the region.   
There is considerable uncertainty about future rainfall patterns in West Africa (IPCC, 2007b).
The clearest signal is the large proportional increase in rainfall from June to August in the 
Sahara where absolute amounts of rainfall are extremely small (Washington and Harrison, 
2004). Overall, it is expected that more year to year variation in rainfall will occur in the 
majority of the zones where an increase in rainfall is projected (FAO, 2008b). 
2.4.2. Rainfall variability and associated risk for crop production 
The rainfall analysis revealed sequences of dry spells which affect cotton yields. The 
occurrence of dry spell of 5, 7, 10, 15 and 20 days was highest in May and October (results 
not shown). This point out the uncertainty of the regularity of rainfall in May which represents 
the land preparation period, which consequently may delay the planting date and reduce rainy 
season length. It also indicates the magnitude of the risk of planting in May. In the case of late 
planting, the grain filling period of varieties of maize such as Sotubaka with a growing cycle 
of 115 to 120 days extends until October which also corresponds to a period of high 
probability of dry spells. Frequent dry spell with high evapotranspiration demand may lead to 
a decrease in yield of up to 40% because of insufficient water supply during grain filling stage 
(Barron et al., 2003). Consequently, the significant increase of the number of dry days during 
the rainy season and its impact on yield makes it one of the most important characteristic of 
climate change in southern of Mali. 
The start date of the rainy season was demonstrated to be the key variable to which all other 
seasonal rainfall variables are related. Many farmers are aware that rainy seasons with early 
onset are generally better for crop production than those with late onset (Sivakumar and 
Hatfield, 1990; Stewart, 1991). The lack of a clear relationship between the start and the end 
of the rainy season refutes the popular belief that late beginnings of the rainy season are 
compensated by late ending of rainy season or that rainy seasons become shorter because of a 
late onset and early end. In the south of the West African Sahel the rainy season starts earlier 
and ends later than in the north (Traore et al., 2007; Traoré et al., 2000). These characteristics 
of the Sudano-Sahélien climate are due to the north-south movement of the intertropical front 
(Diarra et al., 1987; Diop, 1996; Oladipo and Kyari, 1993; Sivakumar, 1988). An early start of 
the rainy season presents some risks as a long dry spell after planting may result in crop 
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failure. Conversely, a late end of the rainy season will make short-cycle cultivars prone to 
insect attack and bird damage (Stewart, 1991).  
2.4.3. Increased temperature and associated risk for crop production 
We observed no clear effects of changes in seasonal temperature on production of sorghum 
and groundnut. A detailed examination of the temperature records of N’Tarla and Sikasso 
shows that maximum daily temperatures do not exceed 36 °C, while minimum temperatures 
are above below 20 °C, which seems not to be a limiting factor for sorghum and groundnut 
production in southern Mali. However, there was a negative effect of increase in seasonal 
maximum temperature on cotton yield even though reported values in the literature of critical 
maximum temperatures are around 40°C (Reddy et al., 1992). Similar effects of temperature 
increases on rice yields were reported (Peng et al., 2004). Overall, the sensitivity of crops to a 
temperature increase varies among cultivars because plants have adapted to a relative wide 
range of thermal environments (Hartwell et al., 1997). C4 cereals such as sorghum respond 
better to increased temperature than C3 plants such as cotton (Sombroek and Gommes, 1997). 
Moreover, most of the sorghum and maize varieties grown in southern Mali are local types 
which may provide more flexibility for adaptation (Clement and Leblanc, 1980; Kouressy, 
2002). 
High temperatures or heat waves usually occur in conjunction with other environmental 
stresses such as drought and high light intensity (Rahman, 2006) which might lead to 
increased crop water requirements and therefore cause scalding in cereals (Burke, 1990), 
disturb flowering and strongly reduce crop yield (Fisher et al., 1997; Mackill et al., 1982;
Zheng and Mackill, 1982). A recent meta-analysis of fully fertilized maize experiments in 
southern and eastern Africa showed that an increase in the temperature during the growing 
season can lead to a significant decrease of 3% in maize grain production (Lobell et al., 2011) 
For cotton, it is observed that the phase of boll formation is most sensitive to high 
temperatures (Reddy et al., 1992). 
2.4.4. Climate change, rainfall and crop production 
Analysis of data from the long-term cropping experiment at N’Tarla revealed that cotton is 
more affected by increase in maximum temperature than sorghum or groundnut. Annual 
variability in rainfall amounts, rainfall onset, number of dry days during the rainy season and 
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rainfall distribution was large, and determined variations in yield of cotton. Our analysis 
showed that the number of dry days is a good indicator of the quality of the rainfall 
distribution for cotton production, and was strongly related to cotton yield. It is clear from this 
analysis that the number of dry days is as important as seasonal rainfall. Under farmers 
conditions no clear impact of rainfall on cotton yields was observed, probably because other 
factors such as low soil fertility and insect attacks which are limiting yields (Kanté, 2001;
Lançon et al., 2007), as suggested by the fact that lower yields were observed on farmers’ 
fields than at the experimental site at N’Tarla. It should also be noted that in the wettest 
districts such as Sikasso, Bougouni and Konlondieba relatively high rainfall amounts might 
reduce cotton yields as a result of increased air humidity that support development of harmful 
insects which can cause rot of fruit bolls (Rahman, 2006). Effects of declining soil fertility on 
the cotton yield of the control treatment of the N’Tarla experiment (Fig 2.10.) were more 
important than effects of climate change during the period 1965 to 1980.  
Fig 2.10.: Cotton yield trend per year under two rates of fertility management from 1965 to 1993 at N’Tarla 
agricultural research station, southern Mali. The vertical line indicates the start of using 163 kg ha−1of N in both 
treatments. Values in parentheses represent annual rainfall. 
Interestingly, after full fertiliser application in 1980, average yields increased but also showed 
more year-to-year variability. This is possibly related to the fact that after fertilisation, nutrient 
limitation became less important than water availability for crop yields, thereby resulting in 
strong links between variations in growing season weather conditions and yield. In sub-
Saharan Africa the issues of soil fertility management have dominated the debate on 
sustainability of farming for a long time (Breman, 2002; Piéri, 1989). Our findings stress that, 
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effects of declining soil fertility are certainly as important as those of climate effects (rainfall 
variability and number of dry days) at field level. However, disentangling effects of climate 
and soil fertility is not straightforward, and results depend on the spatial scale of analysis. 
Spatial variability of climate is an important factor affecting regional crop productivity in the 
arid and semi-arid regions (Sivakumar and Hatfield, 1990), a scale at which small-scale 
variations in soil fertility are averaged out and where long term trends in soil fertility decline 
are difficult to detect. Extrapolating our results to large scales is difficult because of a  large
spatial variability in soil fertility within distances as short as a few meters (Brouwer, 1993;
Buerkert and Lamers, 1999; Manu et al., 1996) diversity in farm types and agricultural 
management practices (Soumaré et al., 2004; Traore et al., 2005). All of these factors affect 
the relative importance of changes in the driving variables of crop production, and it is 
therefore essential that studies make clear at which integration level there results hold: field, 
farm, landscape or regional level. A possible solution for this issue could be the use of 
dynamic crop growth simulation models directly linked to spatial databases containing detail 
information on soil properties, and management practices. Then the importance of the 
different factors could be unraveled at different integration levels. However, these databases 
do not exist at the moment. 
The important characteristic determining the relationship between rainfall and crop production 
was the rainfall distribution which is related to the number of dry days during the rainy 
season. Better distribution of rainfall changes substantially the relationship between average 
seasonal rainfall and crop production (Lobell and Burke, 2008). This means that an average 
total amount of annual rainfall in Sahelian regions is not necessarily synonymous with good 
rainy season or with good crop production. 
2.4.5. Adaptive crop management strategies  
Traditionally, farmers cope with climate variability through risk-averse management practices 
such as the distribution of early and late crop maturity types throughout the landscape and 
spreading of sowing dates (Ouattara et al., 1998). This approach indicates that there is a great 
demand by farmers for climatic information at an intra-seasonal time scale. Accurate seasonal 
weather forecast information would help farmers to optimize their immediate decisions and 
tactical planning of crop management. Currently the predictably of seasonal rainfall is highly 
variable across Africa (Cooper et al., 2008). 
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An improvement in the seasonal weather forecasting skills and effective agrometeorology 
extension services are crucial for agricultural communities to adjust to future climate 
variability. Farmers could use this seasonal climate information to plan crop management 
tactically, such as adjusting planting and fertilization dates. Our finding shows that the late 
start of the season determined the length of the season provides an opportunity for farmers to 
adjust their management by planting shorter-duration varieties when the rains start late. 
Longer-term information on the nature of climate variability and change may help farmers to 
design new cropping systems and/or management that is more adapted to the climate. As an 
example to cope with increased dry spells, land management using contour ridging (Gigou et 
al., 2006) improves water use efficiency as rainwater on the field is channelled between the 
ridges, where it filters into the soil and reduces runoff. For cotton systems an alternative 
management practice based on a high plant density and the use of a crop growth regulators 
was tested as a way to cope with climate variability and change (Barrabe et al., 2007; Rapidel 
et al., 2006). With this new practice the crop covers the ground earlier, the cycle of production 
is reduced by 10 to 20 days which induces an adaptive behavior to climate variability and 
change, with yield increases of about 30 to 40% (Rapidel et al., 2009; Traore, 2011).  
2.5. Conclusions 
Observed climate trends at two meteorological stations in southern Mali, N’Tarla and Sikasso, 
were similar. The main variable that characterised the rainfall season was the date of start of 
the rainy season which determines the length of the cropping period. Indeed, the delayed start 
of the rainy season also causes planting delays and therefore increases the risk of low plant 
production. 
Overall, the impact of seasonal rainfall and maximum temperature variability on cotton yield 
is greater than that of the long-term changes in climatic variables. The important characteristic 
between rainfall and crop production is the rainfall distribution which is related to the number 
of dry days during the rainy season. The significant increase of the number of dry days during 
the rainy season over the period 1965-1993 and its impact on yield makes it one of the most 
important characteristic of climate change in southern of Mali. An average total rainfall in 
Sahelian regions is not necessarily synonymous with good rainy season or with good crop 
production. In our study which is based on an analysis at field level, it appears that the effects 
of declining soil fertility are as important as those of climate variability and change. However, 
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disentangling effects of climate and soil fertility is not straightforward, and results depend on 
the spatial scale of analysis.
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Abstract
Agricultural production in the Sudano-Sahelian zone of West Africa is highly vulnerable to 
the impacts of climate variability and climate change due to its dependence on rainfall. The 
present study aimed to understand farmers’ perceptions of climate variability and change and 
to evaluate adaptation options together with farmers, including tactical management of 
planting date and use of mineral fertiliser. Farmers perceived an increase in annual rainfall 
variability, an increase in the occurrence of dry spells during the rainy season, and an increase 
in temperature. Overall, this is in line with the observed meteorological data, except for the 
perceived decrease in rainfall during the growing season, which was not observed. Drought 
tolerant, short maturing crop varieties and appropriate planting dates were the commonly 
preferred adaptation strategies to deal with climate variability. Use of chemical fertilizer 
enhances the yield and profitability of maize while the cost of fertilizer prohibits making 
profit with fertilizer use on millet. Training of farmers on important aspects of weather and its 
variability, and especially on the onset of the rains, is critical to enhancing adaptive capacity 
to climate change. 
Key words: rainfall, temperature, fertilizer, maize, millet, West Africa
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3.1. Introduction  
There is increasing evidence that climate change will strongly affect the African continent and 
will be one of the most challenging issues for future economic development, particularly in 
the dry regions of sub-Saharan Africa (Roudier et al., 2011). Smallholder agriculture will be 
strongly impacted (Sivakumar et al., 2005), given the limited adaptive capacity of regions 
dominated by poverty, subsistence farming, and a low agro-ecological potential (Galvin et al., 
2001). Predictions indicate that due to climate change, national agricultural production 
earnings in Mali will decrease from 417 million US$ in 1996 to 256 million US$ in 2030 
(Butt et al., 2005a). The extent to which the impacts will be felt depends largely on the 
adaptive capacity of the farmers. Rural communities in the Sahelian zone of West Africa have 
always managed their resources to face the challenge of variable environmental and socio-
economic conditions (Mortimore and Adams, 2001), but the question is whether they will be 
able to continue to do this under a changing climate.  
Adaptive capacity is widely recognized as a vital component of policy response to climate 
change. Without adaptation, climate change will hit the agriculture sector hard (Adger et al., 
2003; Rosenzweig and Parry, 1994), but adaptation can soften the impacts (Waha et al., 
2013a). The type of adaptation adopted is determined to a large extent by farmers’ perceptions 
of climate change (Roncoli et al., 2001; Thomas et al., 2007).  
Local knowledge and perceptions are not incompatible with more formal, scientific insights 
(Cleveland and Soleri, 2007). Rather, evidence suggests that farmers’ perception based on 
their local knowledge must be integrated with research information and proposed technologies 
in order to successfully improve the adaptive capacity of rural smallholders (Mutiso, 1997.;
Sillitoe, 1998). Little is known about farmers’ perceptions of climate variability and change, 
and how these perceptions determine what farmers consider the best adaptation options 
(Vedwan, 2006) and how that affects the actual adoption of appropriate adaptation options. To 
guide future adaptation we need an understanding of past and current coping strategies, to 
better understand what is acceptable to farmers. This information in combination with 
farmers’ perceptions of climate change and variability is key to prioritize measures to address 
and prepare for its consequences (Kitinya et al., 2012). 
This study aims to capture the perceptions of a group of farmers in southern Mali on climate 
variability and change, and together with these farmers evaluates adaptation strategies 
including tactical management of planting dates and use of chemical fertiliser. Using open 
discussion and survey techniques, farmers’ perceptions on climate change, impact of weather 
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aspects on crop production and potential adaptation options for dealing with climate 
anomalies were identified. This was combined with a 2-year field experiment in which effects 
of planting date and chemical fertilizer application on the grain yield of maize and millet were 
quantified and subsequently evaluated with farmers.  
3.2. Materials and methods 
3.2.1. Study Area 
The study was conducted in the Try (12°35’N, 5°32’W, 335 m a.s.l.) and N’Goukan (12?
27’N, 5?42’W, 409 m a.s.l.) villages in the Cercle de Koutiala, southern Mali. These villages 
were selected because of their representativeness of the region and their accessibility during 
all seasons. The climate of the study area is typical of the Sudano-Sahelian region. Average 
annual rainfall is around 850 mm, with a high inter-annual variability. The rainy season lasts 
from June to October with rainfall peaks in August. The dry season comprises a relatively 
cold period from November to February and a hot period lasting from March to May. The 
average maximum temperature is 34°C during the rainy season and 40°C during the hot dry 
period.
Cattle is a key component of the farming systems in the study region. Farmers commonly 
invest their earnings in cattle which also represent a social asset. Eighty per cent of farmers 
own at least one pair of oxen, a cultivator and a seeder, and use animal traction for soil 
preparation, weeding and sowing (Sanogo, 2010). Households who do not own oxen or 
equipment rent or borrow these from family or neighbours or cultivate their land manually. 
Until the 1960s, the cropping systems in the Cercle de Koutiala were characterized by long 
periods of fallow (with a duration of 15-20 years). However, with the introduction of animal 
traction and cotton cultivation, the practice of fallow has declined. Today, most land 
(especially, that close to the villages) suitable for agriculture has been put into production and 
fields are mostly permanently cropped. The largest share of the cultivated land in the Cercle 
de Koutiala is allocated to cereal production. Sorghum (Sorghum bicolor) and millet 
(Pennisetum glaucum) are the main crops representing, respectively, 38% and 32% of the 
cultivated area, but maize (Zea mays) is also important covering 12%. The cereals are grown 
in a two- or three-year rotation with cotton (Gossypium hirsutum) as follows: cotton-
maize/millet/sorghum or cotton-maize-millet/sorghum. Fertilizer and pesticides are mainly 
applied to cotton and maize. Millet and sorghum usually do not receive fertilizer but benefit 
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from previous fertilizer applications to cotton or maize. Sorghum and millet are mainly used 
for home consumption. The proportion of maize that is sold is usually larger than that of 
sorghum and millet (Rietveld, 2009). 
The landscape of the study area consists of a rocky plateau and valley bottoms with slightly 
sloping land in between. The soils are mainly Ferric Lixisols (FAO, 2006) with low clay 
content (<10%) in the top soil. Soils are in general moderately acid with a pH of around 6 
(Hazelton and Murphy, 2007). Our own soil characterisations indicate that the organic C 
content (4 g kg-1) is within the typical range (3 to 5 g kg-1) for the Sudano-Sahelian region 
(Veldkamp et al., 1991). Available P (17 mg kg-1) is above the critical level of 8 mg kg-1 that 
was established for cereal crops in the region (Bationo et al., 1989). 
In the cropped fields, the most common tree species – which are protected by local laws - are 
the shea-nut tree (Vitellaria paradoxa), neré (Parkia biglobosa) and baobab (Adansonia 
digitata). The fruits are used as a snack, especially during periods of food shortages, i.e. at the 
beginning of the rainy season. They are an important ingredient of local diets and serve as a 
vegetable fat, for example in combination with millet as a frying medium or added to porridge 
(Derks and Lusby, 2006). The collection, processing and commercialization of the fruits are 
almost exclusively under the control of women (Carney and Elias, 2006; Sidibé et al., 2012).  
3.2.2. Perceptions of climate change, weather impacts on crop production and 
adaptation measures 
A workshop with farmers was organized to discuss climate (change), impact of weather 
events on crop production, and existing adaptation measures to climate variability. From each 
village 12 farmers were invited to join the workshop that was held in Koutiala situated at 
about 50 and 30 km respectively from N’Goukan and Try. Farmers were selected according to 
an existing farm typology that is based on land holdings, ownership of farming assets (plough, 
seeder, and cultivator) and number of cattle (ESPGRN, 1998). Farms of type A have a least 1 
plough, 1 chart, 2 pairs of draught oxen and a least 10 heads of cattle and farms of type B 
have at least 1 plough, 1 chart, 1 pair of draught oxen and less than 10 heads of cattle. These 
farm types A and B are generally self-sufficient in staple food (cereal) and have more than 10 
ha of land. They represent 80% of all farms in the region. Farms of type C have no complete 
set of plough with a pair of oxen and farms of type D perform manual cultivation. Farm of 
types C and D have less than 10 ha of land and are in general not self-sufficient in food. At 
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the workshop each farm type was represented by three farmers to cover the range of farm 
types in the study region.  
Other invited partners to the workshop were the extension agents from the “Chambre 
d’agriculture”, and representatives of the cotton production company (Compagnie Malienne 
pour le Developpement de Textile, CMDT). Researchers facilitated the debate and 
documented the discussions. The discussions aimed at identifying indicators of climate 
variability and change and impact of weather on crop production. Farmers were also asked 
about their strategies to cope with weather anomalies affecting crop production.  
Based on the findings of the workshop discussions, a follow-up formal survey was carried out 
with the 12 farmers selected from each village to quantify the prevalence of farmers’ 
perceptions on climate change and on the appropriateness of various adaptation measures. 
Climate change indicators included changes in rainfall, length of the cropping period, length 
of the dry season, number of dry spells during the cropping period, rainfall during the dry 
season and start and end of the rainy season. Farmers were also asked about changes in 
maximum and minimum temperature and wind speed during the wet and dry season.  
3.2.3. On-farm experiments  
A two-year (2010-2011) on-farm crop experiment was conducted to test some of the 
adaptation options to climate variability identified by the farmers. Diversifying crop species 
and cultivars, staggering planting dates and application of fertiliser were identified as the 
major adaptation options. Farmers decided to experiment with maize and millet, limiting a 
detailed study of crop diversification. Maize was chosen because it is less sensitivite to 
drought than cotton, and is both a cash and food crop. Millet was chosen because it can be 
grown without the use of mineral fertiliser and because of cultural considerations related to 
taste and diet.  
Farmers also decided which crop varieties to test. Maize variety Suwan 1 SR 
(CIMMYT/IITA), known as ‘Sotubaka’ in Mali, was chosen. It has a growth cycle of 110 to 
120 days, and a height of 2.5-3 m. For millet, farmers preferred to experiment with their local 
variety ‘Kolonada’ with a growth cycle of 120 days and ear length of 60 cm.
Two fertilizer treatments were compared: the “Recommended Practice (RP)” i.e. the fertilizer 
rate according to the national research recommendations and the “Farmer’s Practice (FP)”. In 
the RP treatment each crop received the recommended rates (IER/CMDT/OHVN, 1998) of 
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compound NPK (16-16-16) fertilizer at planting and urea (46% N) at 40 days after planting. 
Maize received a total of 85 kg of N ha-1, 16 kg of P ha-1 and 16 kg of K ha-1, and millet 39 kg 
of N ha-1 8 kg of P ha-1 and 8 kg of K ha-1. For the FP treatment the rate of fertilizer varied 
from one farmer to another. 
The experiments were conducted on small plots in farmers’ fields. The size of each plot (for 
both treatments: RP and FP) was 56 m2, comprising seven rows of 10 m length. Farmers were 
asked not to change their current practice on the FP plots. Farming operations (e.g. weeding, 
hilling, ridging, harvesting) were carried out according to the current farmer practice both in 
RP and FP. Three planting dates were tested to cover the possible planting window for both 
crops in southern Mali: an early planting date in June (D1), a medium planting date in July 
(D2) and a late planting date in August (D3). Small variations in the different planting dates 
were allowed to accommodate farmers’ labour availability. Farmers were split into three 
groups according to the three planting dates. However, in 2010, farmers in the D3 group did 
not want to delay planting until August, and planted in July. In 2011, the three planting dates 
were executed, but only in the RP treatments. 
Crops were harvested after reaching physiological maturity. Yield was estimated from a net 
plot of 24 m2 (3 rows of 10 m length) in the centre of the plot to avoid border effects. Cobs 
were separated from stover and transported to the research station at N’Tarla for further 
processing. Grains were separated from the cob, dried and weighed. Over the two years of the 
experiment, daily rainfall on each individual field was measured with a rain gauge by a 
trained family member. Soil samples were taken from a depth of 0 to 20 cm at each farmer’s 
field before the start of the rainy season (April-May) in 2010 and analysed for pH, soil 
organic C and available P.  
The economic performance of treatments was assessed on the basis of gross margin, 
calculated as the value of production minus the variable cost of production. The price of 
chemical fertiliser (compound and urea) was 250 CFA per kg, and the average selling prices 
of maize and millet were respectively 180 CFA and 125 CFA kg-1 grain (OMA, 2012). 
3.2.4. Statistical analysis  
The effect of fertilizer treatment (RP and FP) and location (the village of Try and N’Goukan) 
on grain yields of maize and millet were analysed using ANOVA procedures for a split plot 
design (GenStat Edition 14th Library Release Pl 18.2, VSN International Ltd). Villages were 
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chosen as the main (fixed) factor and fertilizer treatment as the sub-plot (fixed) factor. Farm 
was considered as a random factor. The Restricted Maximum Likelihood (REML) procedure 
was used to test the individual effect of fertilizer treatment (RP and FP), chemical fertiliser 
(N), pH, soil organic C, C to N ratio, available P, planting date and rainfall on the grain yields 
of maize and millet. For each crop the analysis was performed for 2010 and 2011 separately.  
3.2.5. Evaluation of the experiment by farmers
At the end of the field experiment a group discussion was organised with all 24 farmers to 
evaluate the main results of the experiment. Opportunity was given to farmers to give their 
opinion on the difference between the yields obtained with the recommended practice and the 
farmer’s practice. The main lessons learned with respect to cropping under erratic rainfall
conditions were also formulated. 
3.3. Results 
3.3.1. Farmers’ perceptions 
Climate change  
The majority (84%) of the farmers at the workshop claimed that total annual rainfall is 
decreasing in the region. Only 8 % of the farmers reported no change and attributed this view 
to the high year to year variability (Table 3.1). None of the respondents mentioned that annual 
rainfall may have increased. All farmers felt that the length of the cropping period had 
shortened, while 84% claimed that the dry season had been prolonged. The majority of the 
farmers mentioned that the change in the rainy season is characterised by a later onset (92% 
of the respondents), and an earlier end (79%), thus explaining the shortening of the rainy 
season (Table 3.1). Farmers also characterised the change in rainfall pattern by an increase in 
the frequency of dry spells during the rainy season. About half of the farmers found that there 
was an increase in temperature throughout the year, and a majority (71% of farmers) felt that 
the length of the cold period had not changed. Finally, wind intensity was pointed out by 83% 
of the farmers to have become stronger, especially during the dry season (Table 3.1).  
Impacts of weather anomalies on crop production 
The main weather anomalies mentioned by farmers that impact crop production were related 
to the seasonal rainfall pattern (Table 3.2.), i.e. a late start or an early end of the rainy season, 
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low seasonal rainfall, and the occurrence of dry spells at any stage of the crop growing 
season. Strong winds and high temperatures were also perceived as causing damage to crops 
(Table 3.2). In general, crop production was affected through poor seed germination, full crop 
failure as a result of drought or damaged crops due to strong winds.  
Table 3.1: Perception of change in different climate indicators by farmers in N’Goukan and Try, Mali
Climate indicator
Increase No change Decrease No opinion
Annual rainfall 0 8 84 8
Length of cropping period 0 0 100 0
Length of dry season 84 8.0 0 8
Dry spells during cropping period 96 4 0 0
Rainfall during dry season 4 8 79 8
Temperature during dry season 
(March to May) 
63 17 16 4
Temperature during cropping period 54 17 21 8
Length of cold period (November to 
February)
8 71 8 13
Change in wind intensity 83 0 0 17
 Later No change Earlier No idea
Start of rainy season 92 8 0 0
End of rain season 0 21 79 0
Number of respondents = 24
Table 3.2: Farmers’ perceptions of impacts of weather anomalies in Try and N’Goukan, Mali
Weather indicator Impact
Deficit in seasonal rainfall amount Crop water deficit resulting in yield loss 
Late start and early end of rainy season Crop water deficit resulting in yield loss; long cycle 
varieties fail
Low rainfall in dry season Spreading manure less effective; manure 
decomposition slowed down and reduced manure 
quality
Dry spells at the end of season or early 
cessation of the season
Crop water deficit resulting in poor crop maturation
Prolonged dry spells in the early stages 
of the rainy season 
Crop water deficit resulting in seedling death
Strong wind Soil erosion resulting in low soil fertility 
High temperature Crop heat stress and resulting yield loss 
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Adaptation measures  
The most common measures to cope with weather anomalies in cropping systems included 
adjusting planting time, use of short-duration varieties and crop diversification (Table 3.3). 
Although more than 50% of the farmers were satisfied with these strategies, around 25% of 
the farmers were not, mainly because of a reduction in grain yields with a delay in planting 
date. The dissatisfaction about the use of short-duration varieties compared with the local 
varieties is related to their susceptibility to fungal diseases during storage of the grains. Also 
the new sweet sorghum variety (‘Tiendougou’), which is being promoted by the national 
research institute and AGRA (Alliance for Green Revolution in Africa), is not very popular 
with farmers due to its susceptibility to diseases. Reseeding was mentioned as an adaptation 
measure to early-season dry spells, but more than 50% of farmers were not satisfied with this 
because it implies extra costs (seed) and labour, often at times of peak labour demands. 
Planting hedgerows was seen as a strategy to cope with wind erosion, although most farmers 
thought this takes many years to be effective and requires substantial investment that they 
often cannot afford. The common practices for soil fertility improvement such as applying 
manure and chemical fertilizer were mentioned as a means to rehabilitate degraded soils and 
prevent wind erosion. However, 93% of the farmers were only moderately or not satisfied 
with these practices, because of the lack of cattle or equipment (cart) for the production and 
transportation of the manure to the fields, which could be situated up to 5 km from their 
homes. Also the high cost of chemical fertilisers was mentioned as a drawback.  
Table 3.3: Percentage of farmers highly (+), moderately (+/-) or not satisfied (-) with adaptation 
measures to deal with weather anomalies in Try and N’Goukan, Mali
Weather indicator Adaptation measure
Number of 
respondents + +/- -
Deficit rainfall resulting 
in yield loss
Adjusting planting 
date 
11 27 46 27
 Short duration variety 18 17 61 22
 Crop diversification 22 19 72 9
Erratic rainfall at the 
start of the season 
Reseeding 14 7 36 57
Wind erosion leading to 
soil degradation
Produce more 
manure and supply 
mineral fertilizer 
15 7 73 20
Green fence 11 18 27 55
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3.3.2. On-farm experimentation 
Rainfall 
Seasonal rainfall was very similar at N’Goukan and Try and characterised by low spatial 
variation. In 2010, at N’Goukan, the average rainfall across farms was 1465 mm with a 
coefficient of variation (CV) of 3%, while at Try the average rainfall was 1358 mm with a CV 
of 4%. In 2011, at N’Goukan, the average rainfall was 806 mm with a CV of 6%, whereas at 
Try 829 mm was recorded with a CV of 8%. The difference between both years was high: 
rainfall recorded in 2010 was 45 and 39% higher than that recorded in 2011 at N’Goukan and 
Try respectively. In 2011, after the first rainfall there was a series of 13 and 16 continuous dry 
days at N’Goukan and Try respectively (Fig 3. 1). 
Fig 3.1: Seasonal cumulative rainfall (a and b) and the cumulative rainfall distribution during the 
month of June (c and d representing the start of rainy season) in 2010 and 2011 at N’Goukan and Try
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Crop yields under farmer’s practices and recommended practice
Both in 2010 and 2011, maize and millet grain yields obtained with RP were significantly 
larger than those with FP (P<0.05), while the differences in yields between the villages were 
not significant (Fig 3.2).  
Fig 3.2: Yield of maize and millet with Recommended Practice (RP) and with Farmer Practice (FP). 
Value in between parentheses indicates the amount of chemical N applied (in kg ha-1). Error bars 
show the SED (Standard Error of the Difference). 
The cumulative probability distribution of maize yields across farms in 2010 indicated that in 
both treatments more than 50% of the recorded yields was larger than 2000 kg ha-1, which is 
the upper boundary of the national average yield range (CPS 2010). 2011 was a slightly better 
year for maize as the 2000 kg ha-1 threshold was obtained in at least 60% of the cases. In 70% 
of the cases for FP and only 30% for RP, the recorded millet grain yields were below the 1000 
kg ha-1 upper boundary of the national average yield range (Fig 3.3). In 2011, 90% and 40% 
of the records for FP and RP respectively were below the 1000 kg ha-1 threshold.  
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Fig 3.3: Empirical cumulative probability distributions of the maize and millet yield with 
Recommended Practice (RP) compared to Farmer Practice (FP) in 2010 and 2011 at N’Goukan and 
Try. Note the different scale of the x-axis for maize and millet.  
Yield determinants  
Seasonal rainfall  
There was a positive relationship between the grain yield of maize and seasonal rainfall 
recorded from planting date till harvest (Fig 3.4). The correlation was significant in 2010 for 
maize with RP (P=0.04), but not with FP (P=0.13). In contrast, the relationship was 
significant in the drier year 2011 for both RP (P=0.07) and FP (P=0.03) indicating the 
sensitivity of maize yield to the seasonal rainfall amount. For millet no significant correlations 
were found between yield and seasonal rainfall, neither in 2010 nor in 2011 for RP and FP.  
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Fig 3.4: Scatterplots of maize and millet yield against seasonal rainfall recorded from planting until 
harvest with fitted regression lines for Recommended Practice (RP, full line) and Farmer Practice (FP 
dashed line). Note the different scales of the axes for the years and the crops. In 2010, data for the first 
(D1) and second (D2) planting date are shown, and for 2011, only D1 data are shown.  
Planting date  
In 2011, maize grain yield at early planting (D1) was significantly higher than that obtained at 
medium planting (D2), which was in its turn significantly higher than that at late planting 
(D3) (P<0.01) (all RP). However, even with the same planting date variability in maize grain 
yields across farm fields was high (Fig 3.5). Also in the case of millet, grain yields decreased 
significantly (P<0.01) with a delay of planting, and varied significantly from one field to 
another, even if planted at the same time (Fig 3.5). Under RP conditions, maize yielded 
significantly more grain than millet at all planting dates (Fig 3.6). 
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Fig 3.5: Yield of maize and millet in 2011 with the recommended practice at farmers’ fields and three 
planting dates (D1 earlier planting, D2 medium planting and D3 late planting). Note the different scale 
of the y axis between the two graphs.  
Fig 3.6: Average grain yield of maize and millet across farmers’ fields in 2011 with recommended 
practice at early (D1), medium (D2) and late planting (D3). Error bars show the SED (standard error of 
the difference). 
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Soil fertility and fertilization  
The mixed linear model analysis indicated that in both years there was a significant effect of 
fertilizer treatment (FP or RP) and of soil organic C content on maize grain yield. In addition 
to these variables, there was a significant effect of pH on maize yield in 2011 (Table 3.4). 
Under farmer practices, there was a significant relationship between maize yield and chemical 
N fertilizer in 2011 (P<0.10). Nitrogen supplied as urea was more effective (P<0.05) than 
that of compound fertilizer (P>0.10 not shown). For millet, apart from the fertilizer treatment 
(FP or RP), there was no significant effect of the other soil fertility variables neither in 2010 
nor 2011 (Table 3.4).  
Table 3.4: P-values for the different variables explaining the variability in observed on farm 
experimental yields of maize and millet. Values were calculated using the Restricted Maximum 
Likelihood procedure  
Maize Millet
 2010 2011 2010 2011
FP/RP Treatment 0.019 0.005 0.001 0.027
Fertilizer* 0.166 0.081 0.169 0.804
pH 0.238 0.005 0.814 0.568
C_N 0.342 0.178 0.638 0.698
Organic_C 0.077 0.052 0.679 0.925
P 0.296 0.564 0.711 0.46
Village 0.437 0.050 0.551 0.681
Annual rainfall 0.849 0.010 0.735 0.151
Date** 0.83 0.010 0.124 0.844
* comparison restricted to FP. The number of observations is 10 and 7 for maize in 2010 and 2011 respectively. 
For millet it is 15 and 10 in 2010 and 2011 respectively.  
** comparison restricted to RP 
Gross margin 
The gross margin for maize obtained with RP was significantly larger than that obtained with 
FP at N’Goukan in 2010 and 2011, while at Try the difference was not significant for any 
year (P>0.10, Fig 7). Although not significant, the millet gross margin was less for FP than 
for RP in both villages (Fig 7). 
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Fig 3.7: Gross margin of maize and millet with the Recommended Practice (RP) compared to Farmer 
Practice (FP) at Try and N’Goukan. Note the different scale of the y axis between the two graphs. 
3.3.3. Farmer’s evaluation of the experiments
Farmers attributed the performance of RP both with maize and millet to timely crop 
management (weeding and application of chemical fertilizer), which, according to them, was 
easy to achieve on the small experimental plots (Table 3.5). This means that yield can be 
increased through improved crop management, but that the feasibility of the tested adaptation 
options on larger areas depends on the availability of labour, inputs and equipment. 
It was unanimously agreed that chemical fertiliser is the key factor for increasing maize and 
millet yield in the region. However, due to its high price, fertiliser is also a limiting factor, 
which is why farmers prioritize maize to receive fertilizer over the other cereals. Most farmers 
do not use chemical fertilizer on millet, because they think that millet can also yield without 
nutrient inputs. In the fields with the RP treatment, compound fertilizer was used at planting 
as recommended by the national agricultural research institute. However, this practice is 
costly and labour demanding and therefore not part of farmers’ practice, which is geared to 
planting a large area in a short time. Instead, farmers prefer applying fertiliser at crop 
emergence as a climate risk management strategy. Indeed, later fertilisation saves resources in 
case of a long dry spell after planting or low germination rates due to poor seed quality. To 
some extend it also helps to schedule the use of available labour. 
Village and year
N'
Go
uk
an
 20
10
Tr
y 2
01
0
N'
Go
uk
an
 20
11
Tr
y 2
01
1
G
ro
ss
 m
ar
gi
n 
(1
00
0 
FC
FA
)
0
100
200
300
400
500
600
RP 
FP
Village and year
N'
Go
uk
an
 20
10
Tr
y 2
01
0
N'
Go
uk
an
 20
11
Tr
y 2
01
1
0
50
100
150
200
RP 
FP 
maize millet
Chapter 3 – Farmer’s perceptions on climate change and agricultural adaptation strategies
50
Farmers are aware of the negative effect of delaying planting of maize and millet on crop 
yields. However, in certain circumstances, such as equipment constraints or peak labour 
demands when the season starts late, they are forced to delay planting. An alternative solution 
in this situation would be to use short-duration varieties, which ensure at least a modest yield. 
Yield variability between farms was largely determined by the capacity of the household to 
apply proper cropping management. The main factors included timely ploughing when the 
soil is wet, timely planting and the application of chemical fertilizer on the recommended 
date. For instance, a farmer with no equipment (cart, plough) and lack of cattle will have to 
rely on others, which can cause a delay in cropping activities and lead to a poor response to 
actual weather conditions. 
Table 3.5: Farmers’ evaluation of the experiment (Recommended Practice (RP) and Farmer Practice 
(FP)) 
Result Farmers’ comments Lesson learned
Maize yield with RP is 
greater than with FP
Plots are small in size therefore easy to 
manage at required time
Yields can be strongly improved 
through better cropping 
management
Millet yield with RP is 
greater than with FP
Due to mineral fertiliser supplied Farmers do not agree whether or 
not to supply fertiliser on millet 
Millet can produce without any 
supplied fertiliser 
Use of compound 
fertilizer at planting 
date 
Risk of crop burning in case of drought, 
risk of fertilizer loss in case of poor 
seed quality 
Plants germinate vigorously with 
fertilizer at planting
Yield decrease with 
delay in planting date
The effect of planting date is known, 
but due to constraints related to the 
onset of the season, labor and 
equipment availability, and crop 
rotation decisions, planting can be 
delayed
An alternative solution in this 
situation is to use a short cycle 
variety
Farmers were not interested in late 
planting after the first year experiment
Yield variability from 
one field to another
Depends on the landscape position of 
the field (foot slope, lower slope or 
upper slope) which determines inherent 
soil fertility.
Management practice is the key 
factor
Depends on the time the field has been 
cultivated, the fallow period and the 
nutrient input 
Spatial variability of 
rainfall 
This was the first time that farmers used 
a rain gauge and could quantify and 
observe the spatial distribution of 
rainfall 
Farmers were eager to learn 
about weather observations
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3.4. Discussion  
3.4.1. Farmers’ perceptions of climate change and effects of weather anomalies on crop 
production 
Farmers identified the later start and earlier end of the rainy season, the decrease of annual 
rainfall and the increased occurrence of dry spells as key indicators of climate change. The 
perceived increase in the occurrence of unfavourable weather conditions was partly confirmed 
through an analysis of observed historical weather data in southern Mali (Traore et al., 2013),
showing an increase in inter annual rainfall variability and the number of dry spells during the 
growing season. These results concur with those of Cooper et al. (2008) for sub-Saharan 
Africa. Significant relationships between observations and farmer perceptions of climate 
change were also found in several other countries (Apata et al., 2009; Deressa et al., 2009). 
Although most farmers perceived a continuous decrease of annual rainfall, this was not 
confirmed by the analysis of the long-term climate data: no clear change in total precipitation 
was observed over the last five decades in southern Mali (Traore et al., 2013). That farmers 
think they experience a change in annual rainfall could be caused by the increase in the year 
to year variability of seasonal rainfall (Balme et al., 2006). Findings by Diggs (1991) support 
the hypothesis that changes in environmental variability are often accompanied by perceived 
changes in absolute terms. For temperature, farmers’ perception of a substantial increase 
matches the empirical observations for the region well (Hulme et al., 2001). Farmers linked 
the temperature increase to a change in the number of dry days in the growing season, as these 
are perceived to be hot.  
Climate variability is often given as the main reason for crop failure and food shortages 
(Mishra et al., 2008; Sultan et al., 2005). Irregular rainfall distributions may expose the crop 
to a range of mild to severe intra-seasonal water stresses, which may subsequently affect the 
yield especially if they occur during the critical stages of flowering and grain filling. This 
relation between weather anomalies and crop production was also acknowledged by the 
farmers in this study, as was the potential of various adaptation measures to cope with the 
unpredictable nature of the weather. 
3.4.2. Role of planting date as adaptation strategy 
The onset of the rainy season is the most important driver of agricultural management 
(Ingram et al., 2002; Stewart, 1991). It directly affects crop management practices, especially 
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planting date, which has a significant effect on crop yield. Our results indicate that the yield 
of maize and millet decreases when planting is delayed, suggesting an important role for 
timely planting in dealing with the year-to-year variability of the weather. Other studies have 
also shown that late planting of maize resulted in significant yield decreases (Kamara et al., 
2009; Soler et al., 2008). To take advantage of early planting, farmers even conduct ‘dry 
planting’, which consists of planting before the rains start. This practice is used with millet 
and tends to ease the general labour shortage for land preparation and planting at the first 
rains. Early planting however can be risky, because of the occurrence of early-season dry 
spells. High soil temperatures associated with dry weather as well as scarce and erratic rainfall 
before the full installation of the rainy season may spoil the seeds (Graef and Haigis, 2001a) 
and affect the germination and establishment. However, Traore et al. (2014) indicated that 
there is a flexibility in the timing of planting in the Sudano-Sahelian region depending on the 
type of crop. The planting date of maize can be delayed up to 30 days from the first of June 
without significant yield loss. For millet, delayed planting will result in a smaller yield loss 
with short, non-photoperiod sensitive varieties than with long-duration varieties.  
In many West African farming systems, farmers delay planting because of the free grazing of 
animals at the beginning of the season, which can cause significant damage to the establishing 
crop and because of bird damage, which may occur if the crop grain filling is out of phase 
with that of neighbouring crops (Andrews, 1973). Socio-economic and technical constraints 
also determine the choice of planting dates. Large farms with resources (plough and cattle) 
can usually take advantage of the first rains, while small farms are often delayed. Especially 
the availability of labour is a constraining factor at the time of land preparation and planting. 
3.4.3. Intensification as an option for adaptation to climate change  
Farmers’ evaluation of the experiment indicated that the size of farm fields plays an important 
role in the potential for intensification. The limited financial and labour resources of the 
family in comparison with the relatively large cropped area results in small rates of 
agricultural inputs and delays in cropping activities. Our results showed that by using the 
recommended rates of chemical fertilizer, the yield and gross margin of maize can be 
substantially increased. Farmers are aware of the importance of chemical fertilizer on maize 
but constrained by the limited access to input markets and financial resources.  
Millet also yielded more when fertilizer was applied, but the gross margin did not improve 
significantly. The increase in yield is in agreement with the results of several other studies in 
Chapter 3 – Farmer’s perceptions on climate change and agricultural adaptation strategies
53
Sudano-Sahelian countries (Bationo et al., 1989; Pieri, 1989). Nitrogen application appears to 
increase straw yield when the rainy season starts early, while it always increases grain yield 
even at small rates, at least when no water stress occurs during the growing season (Bacci et 
al., 1999). The lack of responses in gross margin is caused by the relatively high cost of 
fertilizer in relation to the yield response of millet and the relatively poor price of millet grain. 
The local varieties of millet used by the farmers are characterized by poor but stable grain 
yields (Andrews, 1973). These varieties have a strong ability to adapt to environmental 
constraints such as striga or soil acidity (Bazile et al., 2008). The overall lack of gross margin 
response of millet supports the farmers’ preference to use fertilizer on maize: maize yields 
very little under nitrogen stress conditions, while millet always produces a modest yield even 
without any application of N.  
Intensifying agriculture through increased nutrient application can be seen as an adaptation 
option to climate change, as resulting higher yields especially in favourable years, could 
provide options for grain storage and the evening out of crop failure risks related to year-to-
year rainfall variability (Milgroom and Giller, 2013). Even though our study shows a larger 
grain yield improvement potential for maize than for millet, the storage capacity of maize is 
poorer than that of millet.  
Furthermore, proper adaptation requires an integrated approach including proper planting 
windows for each crop (Traore et al., 2014) as there is an important interaction between 
fertilizer use efficiency and planting date. For both maize and millet, fertiliser application at 
late planting does not result in higher yields.  Rurinda et al. (2013) also reported that with a 
substantial delay in planting, soil fertility management cannot compensate yield losses. 
3.4.4. Action to be taken to help smallholder farmer to deal with climate change and 
variability 
The current farmers’ understanding of climate and prediction of weather is mostly based on 
indigenous knowledge, which can be considered as a kind of legacy and heritage from the 
farmers’ forebears. For example, farmers predict a good rainy season by a shooting star 
coming from a particular direction, or heavy rains based on a strong wind and dark clouds 
from a particular direction. With current easy-to-use and cheap tools and technologies 
however, many opportunities exist to complement the indigenous knowledge with science-
based observations and predictions.  
The adaptation strategies tested in this study were focused on technical crop management 
aspects, but the successful dissemination and adoption of risk management strategies will 
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involve a variety of private initiatives, policy measures and institutions (Lybbert and Sumner, 
2012). Crop management would benefit from extension and national weather services 
collaborating in the establishment of early warning systems and in the further improvement of 
the current climate predictions, resulting in information that is meaningful for local farmers. 
The growth in the use of mobile phones in rural Mali constitutes a new channel and new 
opportunities for accessing information, if it is supplied in the right way. The recent launch of 
the project ‘Senekela’ of the mobile company ``Orange Mali`` is an initiative that aims at 
facilitating the access of farmers to information via the mobile phone. This approach needs to 
be scaled up to enable farmers to benefit from the variety of information relevant for each 
stage of the agricultural production process, ranging from weather forecasts, seed availability, 
fertilizers, to pest and disease management. Evidence from Kenya shows that it is possible to 
reach millions of farmers with climate services that support decision-making under a 
changing climate by using mobile phones (Aker, 2011). The ability to anticipate weather 
anomalies and prepare to mitigate their impact on agricultural production gives farmers the 
opportunity to better manage climate related risks (Hammer et al., 2001; Hansen et al., 2011).
In the short term improved weather information increases the ability of farmers to take 
appropriate actions to face adverse weather events. It offers the opportunity to improve the 
timing and management of inputs in ways that reduce financial and production risks. 
3.5. Conclusion  
Farmers are aware and conscious of climate change and variability and viewed it as a real risk 
to their livelihood. Their agricultural practices could be improved by use of forecasted 
weather data, enhancing the agility to tackle challenges posed by climate change and 
variability. Drought tolerant, short maturing crop varieties and appropriate planting were the 
commonly preferred adaptation strategies to year-to-year variability in the weather conditions. 
This strategy seems central to developing tactical and strategic measures to cushion farmers 
against the potential impact of climate change and increased climate variability. Use of 
chemical fertilizer is a better alternative to enhance the yield of maize, while for millet it is 
unprofitable. Yields can be increased through improved crop management, but the feasibility 
of options depends on the availability of labour, inputs and equipment. Training of farmers on 
weather and climate related aspects like the onset of rains is critical to inform decision making 
in agricultural production. 
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                                                                                                              Abstract 
In the Sudano-Sahelian region, smallholder agricultural production is dominated by rain-fed 
production of millet, sorghum and maize for food consumption and of cotton for the market. 
A major constraint for crop production is the amount of rainfall and its intra and inter-annual 
variability. We evaluated the effects of planting date on the yield of different varieties of four 
major crops (maize, millet, sorghum and cotton) over three contrasting growing seasons in 
2009-2011 (with 842 mm, 1248 mm and 685 mm of rainfall respectively) with the aim of 
identifying climate adaptation options in the Sudano-Sahelian region. Three planting dates 
(early, medium, and late) and three varieties of long, medium, and short duration of each crop 
were compared.  
For fertilized cereal crops, maize out yielded millet and sorghum by respectively 57% and 
45% across the three seasons. Analysis of 40 years of weather data indicates that this finding 
holds for the longer time periods than the length of this trial. Late planting resulted in 
significant yield decreases for maize, sorghum and cotton, but not for millet. However, a short 
duration variety of millet was better adapted for late planting. When the rainy season starts 
late , sorghum planting can be delayed from the beginning of June to early July without 
substantial reductions in grain yield. Cotton yield at early planting was 28% larger than yield 
at medium planting and late planting gave the lowest yield with all three varieties. For all four 
crops the largest stover yields were obtained with early planting and the longer planting was 
delayed, the less stover was produced. There was an interaction between planting date and 
variety for millet and sorghum, while for maize and cotton the best planting date was more 
affected by the weather conditions. The findings of this study can support simple adaptation 
decisions: priority should be given to planting cotton early; maize is the best option if 
fertilizer is available; planting of maize and sorghum can be delayed by up to a month without 
strong yield penalties; and millet should be planted last. 
Key words: Planting date, maize, sorghum, pearl millet, cotton, rainfall, West Africa. 
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4.1. Introduction 
The economy and food security of the rural population are strongly dependent on farming in 
the Sudano-Sahelian countries. Rain-fed agriculture produces nearly 90% of food and feed, 
and is the major livelihood activity for 70% of the population (Club du Sahel, 2011). In Mali, 
cereal production increased over the last two decades from 1.9 million tons in 1990/1 to 4.1 
million tons in 2008/9, which corresponds to an annual increase of 4.6% (Staatz et al., 2011).
On the other hand, cotton (Gossypium hirsutum L.) is responsible for the largest share of 
foreign currency revenues from agriculture in Mali (Deveze, 2006; Nubukpo and Keita, 
2006). The income from cotton finances much of the rural infrastructure, literacy programmes 
for farmers, and funding for farmer organizations and extension programs. Producing cotton 
also gives farmers access to chemical fertilizer and other inputs that are provided on credit by 
the cotton companies. Some of the fertilizer obtained on credit is diverted for the production 
of maize (Zea mays L.). Moreover, maize and other cereals, grown in rotation with cotton, 
benefit from the residual effects of the fertilizer used on cotton (Piéri, 1989). 
The most important cereals grown in Mali in terms of both area cropped and total production 
are millet (Pennisetum glaucum (L.) R.Br.) and sorghum (Sorghum bicolor (L.) Moench). The 
production of millet and sorghum increased, respectively, by 3.4 and 1.3% per year over the 
period 1990-2009, from 736 400 t yr-1 for millet and 634 600 t yr-1 for sorghum in 1990. This 
increase was mainly due to land expansion rather than to an increase in yields per ha. The 
cropping area increased respectively by 2 and 0.5 % per year for millet (from 111 600 ha in 
1990) and sorghum (from 816 400 ha in 1990). Average grain yield of millet went up from 
662 to 797 kg ha-1, an increase of 1.3% per year, while that of sorghum went up from 797 to 
901 kg ha-1, an increase of 0.9% per year. During the last two decades, however, the 
production of maize has become more important. It increased from 215 300 t yr-1 in 1990 to 
697 200 t yr-1 in 2009 with an annual increase of 6.7%. Meanwhile, the average maize grain 
yield rose from 1181 to 1790 kg ha-1 with an annual increase of 2.3%. (Staatz et al., 2011).  
Cropping systems in the Sudano-Sahelian zone are characterized by low productivity due to 
erratic rainfall, poor soil fertility, and poor crop management with few external inputs 
(Voortman et al., 2004). Cotton and to a lesser extent maize, receive nutrient inputs in the 
form of organic manure and/or chemical fertilizer. Other cereal crops seldom receive any 
fertilizer. As a consequence, soils are mined and soil organic matter contents decline (Piéri, 
1989). The main cash crops, maize and cotton, are more demanding in terms of labour and 
fertilizer inputs, and not all farmers can afford these. Therefore, to be less dependent on 
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external inputs and to ensure production of the minimum food needs of the family, farmers 
rely on local varieties of the traditional crops, millet and sorghum, that continue to produce 
without the use of chemical fertilizer (Soumare, 2008).  
The capacity of the cropping systems to support local food security depends to a large extent 
on the seasonal patterns of rainfall, which vary strongly between years (Sultan et al., 2005;
Sultan and Janicot, 2003). Seasonal rainfall amount, intra-seasonal rainfall distribution and 
dates of onset/cessation of the rains influence crop yields and determine the agricultural 
calendar (Maracchi et al., 1993; Sivakumar, 1988). The rainy season is short and varies in 
length, with the number of rainy days varying from year to year (Traore et al., 2013). High 
evaporation losses (up to 50% of annual rainfall) and a dominance of sandy soils with low 
water holding capacity, result in soil water shortage during the growing season, when rains 
are erratic (Rockstrom, 1995).  
Risk avoiding strategies become more pertinent, but also challenging when future climate 
projections of the Sudano-Sahelian region are taken into account. The region is likely to get 
hotter as a result of global warming (Butt et al., 2006). High temperatures occurring in 
combination with drought (Rahman, 2006), will lead to increased crop water stress and 
therefore cause scalding in cereals (Burke, 1990), disturb flowering and strongly reduce crop 
yields (Fisher et al., 1997; Mackill et al., 1982; Zheng and Mackill, 1982).  
Choosing the appropriate planting date is important for maximizing cereal grain yields 
because optimum planting dates favour the establishment of healthy and vigorous plants 
(Egharevba, 1979). Generally, the planting time coincides with the first substantial rains of 
the season in order to optimize yields of both grain and straw (Egharevba, 1979). However, 
due to the erratic rainfall pattern in the Sudano-Sahelian regions, the first rain suitable for 
planting is often followed by several dry days that may cause the planting to fail and oblige 
the farmer to re-plant. Delayed planting can avoid this problem, but late planting results in a 
substantial shortening of the growing season and, consequently, in lower yields. Another 
constraint related to the planting date is the availability of labour, especially at the beginning 
of the rainy season. Lack of or insufficient labour can hinder the capacity of the farmer to 
prepare the soil, thereby causing a delay in the planting date. 
Crop management practices based on adjusting the planting date and choice of variety are the 
adaptation strategies most readily available to farmers to deal with the effects of climate 
variability, but quantitative information for these options is scant for the Sudano-Sahelian 
region. Our aim was to fill this gap with quantitative data, and to evaluate experimentally the 
effects of different planting dates on the yield of different varieties of the major crops (maize, 
Chapter 4 – Evaluation of climate adaptation options for Sudano – Sahelian cropping systems 
59
millet, sorghum and cotton) over three contrasting growing seasons in southern Mali, at a 
location representative of the Sudano-Sahelian region. The experimental results together with 
a long-term rainfall dataset were used to identify adaptation options for the Sudano-Sahelian 
cropping systems.  
4.2. Materials and methods 
4.2.1 Study area and experiment 
A field experiment was carried out during three consecutive growing seasons (from 2009 to 
2011) at the agricultural research station of N’Tarla (12°35’N, 5°42’W 302 m. a. s. l.) in 
southern Mali. The climate at N’Tarla is typical of the Sudano-Sahelian region. The region 
has a mono-modal rainfall pattern with a distinct rainy season (May–October) of about 850 
mm yr-1 on average (1965–2005). The mean temperature is 29 ?C, with peaks of up to 36 ?C. 
The soil of the experimental site is a Ferric Lixisol (FAO, 2006) with 4%, 16% and 80% clay, 
silt and sand content in the top soil of 40 cm. The soil is slightly acid with a pH of 5.6 
resulting in high aluminium toxicity (Hazelton and Murphy, 2007). The organic C content (2 
g kg-1) is slightly below the average value (3 to 5 g kg-1) for the Sudano-Sahelian region 
(Veldkamp et al., 1991). Available P (11 mg kg-1) is slightly above the critical level of 8 mg 
kg-1 that was established for cereal crops in the region (Bationo et al., 1989). 
The farming systems in the study region are mixed crop-livestock systems, with cotton as the 
main cash crop in rotation with cereals – sorghum, millet, maize – and legumes – groundnut 
(Arachis hypogaea L.) and cowpea (Vigna unguiculata (L.) Walp.). Only cotton and maize 
receive nutrient inputs in the form of manure and/or chemical fertilizer, as well as pesticides. 
Other cereal crops seldom receive any chemical inputs or manure. Crop residues are 
principally used for feeding livestock during the dry season (Powell et al., 2004; Sere and 
Steinfeld, 1996). Livestock provides draught power for tillage, crop planting, weeding, and 
transport of crop harvests, and produces meat and milk for the households thereby generating 
a cash income that is often invested in crop production. Furthermore, livestock is for farmers 
also a means of storing capital, buffering food shortages in years of poor crop production by 
selling off some of the livestock, and meeting social and religious obligations (Powell et al., 
2004). 
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4.2.2. Experimental design 
The experimental design was a split-split-plot arrangement with three treatments and four 
replicates. The treatment on the main plots was the type of crop (maize, pearl millet sorghum, 
and cotton). On the sub-plots three open pollinated varieties of each crop were tested, referred 
to as V1 (long duration variety), V2 (medium duration variety), V3 (short duration variety) 
(Table 4.1) (FAO, 2008c). Varieties were selected from those produced and disseminated by 
the national seed company and grown by farmers. Three planting dates were chosen to cover 
the possible range of planting dates in southern Mali, referred to as D1 (early planting date), 
D2 (medium planting date) and D3 (late planting date) (Table 4.2). The treatments were 
randomized at crop and variety level but not for planting date because this was not logistically 
feasible for field operations such as weeding. In 2009, planting dates were slightly later than 
in 2010 and 2011 because of late rains. Plot size was 34 m2 with 7 plant rows of 6 m length 
each. 
4.2.3. Crop management 
Three tons per hectare of cattle dry manure (with organic matter content of 44%) were applied 
on all plots before ploughing. Each crop received the recommended mineral fertilizer rates 
(IER/CMDT/OHVN, 1998). Each year, 21 kg P ha-1 of rock phosphate was applied to the 
cotton plots and 10 kg P ha-1 to the cereals (maize, sorghum and millet) at planting. In 
addition, compound fertilizer NPK (14-22-12 for cotton and 16-16-16 for cereals) was used at 
planting, while urea (46% N) was used at 40 days after planting. In total, cotton received 44 
kg of N ha-1, 54 kg of P ha -1and 18 kg of K ha-1 and maize received 85 kg of N ha-1, 26 kg of 
P ha-1 and 16 kg of K ha-1, while sorghum and millet received 39 kg of N ha-1, 26 kg of P ha-1
and 16 kg of K ha-1. Plant densities for millet and sorghum were fixed at 50 000 plants ha-1
with 0.8 m between rows and with two plants per hole at 0.5 m distance within rows. Planting 
density for cotton and maize was 83 333 and 62 500 plants ha-1, respectively. The inter-row 
distance for these crops was 0.8 m, with a within-row plant distance of 0.3 m for cotton and 
0.4 m for maize. All crops were thinned (2 plants / hole) at 15 days after planting to achieve 
the above densities. Two to three weeding operations were done manually by hoeing. Cotton 
bolls were protected against pests, mainly Helicoverpa armigera, using the standard 
recommendations of 5–6 sprays, i.e. one every two weeks starting at 45 days after planting. 
Recommended products were applied, i.e. pyrethroids in the first two treatments and 
organophosphorus pesticides in the last three to four treatments.  
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Table 4.1: Characteristics of the crop varieties 
(Source FAO, 208) 
Table 4.2: Cropping operations of the three varieties at three planting dates from 2009 - 2011 
at NTarla agricultural research station, southern Mali  
2009 2010 2011
Early 
D1
Medium 
D2
Late 
D3
Early 
D1
Medium 
D2
Late 
D3
Early 
D1
Medium 
D2
Late 
D3
Soil sample and 
manure 
12-
13/05
12-
13/05
12-
13/05 5/15 5/15 5/15 5/30 5/30 5/30
Ploughing 6/6 6/6 6/6 5/15 5/15 5/15 5/30 5/30 5/30
Planting and 
compound fertilizer 6/12 7/2 8/4 5/31 7/1 8/2 6/1 7/1 8/1
Thinning 7/1 7/17 8/18 6/23 7/14 8/18 6/23 7/19 8/16
Nitrogen fertilizer 7/15 8/4 8/18 7/12 7/30 8/19 7/11 8/10 8/16
Number of weeding 1/3 1/2 1/2 1/4 1/3 1/2 1/2 1/2 1/2
Mounding 7/30 8/18 8/18 7/12 8/20 9/16 7/19 8/15 9/15
Number of pesticide 
applications on cotton 6 5 4 6 5 4 6 5 3
Crop Local name Selected name Breeder institute
Potential 
yield (t ha-
1)
Duration 
(days)
Height 
(cm)
Cultivar 
codification
Photoperi
od
sensitivity
Maize Sotubaka Suwan 1 – SR CIMMYT/IITA 7 110 – 120 250-300 V1 none
Maize Dembagnuman Obatanpa CIMMYT/CRI 4-5 105 – 110 175 V2 none
Maize Zangueréni Zangueréni IER 2 80 200-250 V3 none
Millet M9D3 M9D3 IER 3 125 - 130 350-400 V1 high
Millet Toroniou Toroniou C1 IER 2 100 - 110 250-300 V2 low
Millet Sossat Sossat c-88 ICRISAT/IER 2.5 90 130-180 V3 low
Sorghum Soumalemba IS15-401 CIRAD/ICRISAT 2 145 440 V1 high
Sorghum Jigui Seme CSM 388 IER 2.5 125 370 V2 medium
Sorghum Jakumbe CSM 63E IER 2 100 200 V3 low
Cotton STAM 59 A STAM 59 A IER 1.6 120-140 157 V1 none
Cotton NTA 93-15 NTA 93-15 IER 1.4 130 135 V2 none
Cotton N’TA93-15-ITK
N’TA93-15-
ITK IER 2 120-130 129 V3 none
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Precautions were taken to minimize bird attacks during the period from grain filling to 
maturity through the presence of two guards in the field.  
4.2.4. Measurements 
For all crops, the date of flowering was recorded when the first white flower (cotton), 
flowering panicle (millet, sorghum) or tassel (maize) appeared on 50% of the plants. Crops 
were harvested after physiological maturity; stover and grain yields were estimated from a net 
plot of 12 m2 (3 rows of 5 m length) in the centre of the plot to avoid border effects. In the 
case of the cereals, grain was separated from stover. Stover and grain sub-samples for each 
treatment were bagged, weighed and oven-dried at 70 ºC for 2 days to convert fresh weight to 
dry matter. Cotton was harvested in two stages as bolls matured, and weighed after sun drying 
for 3 days. Bolls were separated from stems and branches. Sub-samples of stems, branches 
and bolls were weighed, and oven-dried at 70 ºC for 2 days to convert fresh weight to dry 
matter. Daily rainfall was recorded at the N’Tarla meteorological station situated at about 1 
km from the experiment. 
4.2.5. Statistical analyses 
First the main effects of year and type of cereal crop (maize, millet and sorghum) were 
analysed using analysis of variance (ANOVA) procedures for a split-split plot design 
(GenStat Edition 14 Library Release PL18.2, VSN International Ltd). Year and cereal crop 
type were chosen as main factors, planting date as plot factor and variety as subplot factor. 
Separate ANOVA tests per crop were conducted to assess the effects of planting date and 
variety on cereal grain and seed cotton yield, and on stover yields. Main effects and 
interaction effects were considered as significant at a probability level of ≤ 0.05. Tests for 
Pearson correlation were performed between yields of maize, millet, sorghum and cotton and 
the rainfall amounts recorded between planting and harvest date.  
4.3. Results  
4.3.1. Inter-annual rainfall variability, rainfall distribution and its relation with crop 
yields 
Overall, 60 to 70% of total rain occurred between July and September (Fig4.1). 2010 was the 
wettest year with 1248 mm, whilst the least rainfall was recorded in 2011 with 685 mm. The 
distribution of rainfall also varied from year to year. In 2011, a 13 day dry period occurred in 
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June, while in 2010 the first ten days of July 2010 received little rain. The end of the rainy 
season was very dry in 2011, with only 16 mm of rain in October against 123 mm and 168 
mm in 2009 and 2010, respectively.  
Fig 4.1: Daily and cumulative rainfall for 2009, 2010 and 2011 at N’Tarla agricultural research station, 
southern Mali. PD1= Planting date 1; PD2= Planting date 2; PD3= Planting date 3.
The correlation of grain yield of millet and sorghum with seasonal rainfall recorded from 
planting to harvest was not significant (P>0.05) while it was significant (P<0.05) for maize 
and cotton (Fig 4.2). There was also a significant positive correlation between seasonal 
rainfall and stover yields of maize and cotton. The correlation was significant for stover yield 
of sorghum only at P=0.07 and for millet at P=0.10.
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Fig 4.2: Scatter plots of grain yield, seed cotton, stover and growing season rainfall (mm) from 
planting to harvest for three years (2009 - 2011) at N’Tarla agricultural research station, southern of 
Mali. The points represent the average of the 4 replicates, by 3 seasons x 3 planting dates x 3 varieties. 
4.3.2. Analysis of cereal grain yields 
The largest observed grain yield across the three years was for maize with 1721 kg ha-1 (Table 
4.3). It was significantly greater (P<0.003) than the yields of millet and sorghum by 57% and 
45% respectively. Grain yields of millet and sorghum did not differ significantly (Table 4.3). 
The largest cereal yields were observed with early planting date (D1) and medium planting 
date (D2), which were similar, and significantly greater (33%) than cereal yields at late 
planting (D3) (Table 4.3). Yields in 2009 were significantly larger than in 2010 and 2011.  
Table 4.3: Main effect of year, crop and planting date on cereal grain yield (kg ha-1) over the period 
2009 – 2011 at NTarla agricultural research station in southern Mali. 
Year Crop Date
2009 2010 2011 Maize Millet Sorghum
Early 
D1
Medium 
D2
Late 
D3
Yield 1425 974 1040 1721 764 954 1246 1317 876
P. Value. 0.001 0.003 0.001
SED 55 174 51
There was a significant interaction of crop by year on grain yield over the 3 years (P<0.001).
Yield of maize was significantly larger than those of millet and sorghum in each of the three 
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years (Fig 4.3). Yields of millet and sorghum were similar; the analysis showed no significant 
difference in 2009 and 2010 whereas in 2011 sorghum yielded 697 kg ha-1 more than millet. 
The analysis of the interaction of crops by planting date indicated that at D1 and D2, grain 
yield of maize, millet and sorghum were significantly different (Fig 4.3); yield of maize was 
larger than yields of both sorghum and millet. During the three experimental years, yield of 
sorghum and millet varied with planting date. At D1 sorghum grain yield was significantly 
larger than that of millet, whereas at D2 yields of both crops were similar except in 2011. At 
D3, sorghum yielded less than millet and maize. On the whole, yield of maize and sorghum 
decreased less with the delay from D1 to D2 than from D2 to D3. In contrast, yield of millet 
was systematically smaller at D1 whereas yields at D2 and D3 were similar. The analysis of 
the interaction of crop by variety indicated that the grain yields of all three maize varieties 
were significantly larger than those of sorghum and millet which were similar in 2009 and 
2010 (Fig 4.3). However, in 2011 varieties V1 and V2 of sorghum performed better than the 
varieties of millet.  
Fig 4.3: Cereal grain yield (maize, millet and sorghum) by planting date and variety for the three years of the 
experiment at NTarla agricultural research station, southern of Mali. D1= Early planting, D2= medium planting, 
D3= late planting, V1= Long duration variety, V2=medium duration variety, V3= short duration variety. The bar 
represent Standard Error of Difference of mean for the interaction of crop*year*planting date and crop*year 
*variety. 
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4.3.3. Effect of varieties and planting date on grain yield, harvest index and stover yield 
Maize 
Maize grain yield 
The largest grain yield of maize was obtained in 2009 (Table 4.4). It was 25% larger than the 
yields obtained in 2010 and 2011, which were similar. Across the three years, yields obtained 
with early planting (D1 and D2) were about 50% larger than with late planting (D3). No 
significant differences between varieties were found. The interaction of variety by planting 
date had no significant effect on maize grain yield (Fig 4.4). In 2010 and 2011 and for all 
varieties, yields at D1 and D2 were similar and significantly larger than that at D3.  
Fig 4.4: Maize grain and stover yield (kg ha-1) for three planting dates and three varieties for the three years of 
the experiment at N’Tarla agricultural research station, southern Mali. D1 = Early planting, D2 = medium 
planting, D3 = late planting, V1 = Long duration variety, V2 = medium duration variety, V3 = short duration 
variety. The bar represent Standard Error of Difference of mean for the interaction of year*planting date 
*variety. 
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Maize stover yield, harvest index and time to flowering  
The largest stover yield across varieties and planting dates was obtained in 2010 with an 
average of 3808 kg ha-1 (Table 4.4). This was 26% and 13% larger than stover yields obtained 
in 2009 and 2011, which were not significantly different. Across the three years, there were 
significant differences in stover yield depending on planting date: D1 with 4076 kg ha-1
outperformed D2 and D3 by respectively 24% and 32%. The largest stover yield was obtained 
with V1 (3888 kg ha-1) which was significantly greater by 14% and 33% than that obtained 
with V2 and V3. The interaction effects of planting date by year on maize stover yield were 
significant, while interactions of variety by year and planting date by variety were not (Table 
4.4). The large grain yield of maize in 2009 was partly due to a high harvest index, whereas in
2010 the highest crop biomass was measured while the harvest index was low. The harvest 
index of V3 was significantly higher than that of V1 and V2, which were similar. 
The time to flowering of maize did not change significantly with change of planting date. For 
the three varieties, V3 flowered earlier than V1 and V2, which had similar time to flowering 
(Table 4.5). 
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Table 4.4: Effect of planting dates, varieties and year and their interactions on yield, biomass (kg ha-1)
and harvest index of maize, millet sorghum and cotton over the period 2009-2011 at NTarla 
agricultural research station in southern Mali 
Table 4.5: Time (days) from planting to flowering for maize, millet, sorghum and cotton in the trial at 
NTarla agricultural research station in southern Mali. Values represent average of 2009, 2010 and 
2011 The P-value represents the significance of the difference of flowering time for the early, medium 
and late planting date for each variety of each crop. 
Maize Millet Sorghum Cotton
Grain 
yield
Stover 
yield
Harvest
index
Grain 
yield
Stover 
yield
Harvest 
index
Grain 
yield
Stover 
yield
Harvest 
index
Grain 
yield
Stover 
yield
Harvest 
index
2009 2066 2809 0.42 1119 5787 0.16 1091 6211 0.15 1170 2270 0.34
2010 1587 3808 0.29 717 5889 0.11 618 6401 0.09 1442 2659 0.35
2011 1510 3328 0.31 456 6444 0.07 1153 7079 0.14 1347 1756 0.43
P. value 0.001 0.001 0.001 0.001 0.243 0.003 0.001 0.071 0.003 0.074 0.001 0.001
SED 137.9 192.1 0.02 45.4 414.9 0.015 70.5 386.4 0.021 117.9 156 0.02
Early (D1) 2134 4076 0.34 467 7838 0.06 1137 9496 0.11 2077 2591 0.44
Medium (D2) 2044 3081 0.40 781 6781 0.10 1127 6632 0.15 1499 2485 0.38
Late (D3) 985 2789 0.26 1044 3502 0.23 599 3563 0.14 383 1610 0.19
P. value 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.953 0.001 0.001 0.001
SED 116.6 205.1 0.01 70.4 368.4 0.020 71.6 410.3 0.035 143.6 214 0.03
Long (V1) 1724 3888 0.31 666 7294 0.08 813 8450 0.09 1331 2453 0.35
Medium (V2) 1639 3357 0.33 813 6372 0.11 1315 7104 0.16 1279 2099 0.38
Short (V3) 1800 2701 0.40 813 4455 0.15 734 4137 0.15 1349 2134 0.39
P. value 0.159 0.001 0.001 0.211 0.001 0.198 0.001 0.002 0.462 0.561 0.17 0.16
SED 71.5 169.1 0.02 84.3 362.6 0.028 60.8 702.0 0.029 63.7 178 0.03
Date*year 0.049 0.001 0.03 0.001 0.024 0.029 0.329 0.098 0.046 0.045 0.001 0.04
Date*variety 0.517 0.128 0.02 0.022 0.004 0.040 0.074 0.003 0.057 0.96 0.910 0.05
Variety*year 0.472 0.129 0.03 0.001 0.334 0.035 0.001 0.037 0.042 0.96 0.119 0.04
Maize Millet Sorghum Cotton 
Early 
D1
Medium 
D2
Late 
D3
Early 
D1
Medium 
D2
Late 
D3
Early 
D1
Medium 
D2
Late 
D3
Early 
D1
Medium 
D2
Late 
D3
Long
(V1) 57 53 57 91 75 60 138 108 88 57 58 59
P. value 0.120 0.001 0.001 0.080
Medium 
(V2) 56 55 55 85 65 56 109 87 70 58 58 58
P. value 0.130 0.001 0.001 0.810
Short
(V3) 50 49 49 64 63 59 74 67 58 56 58 59
P. value 0.040 0.120 0.001 0.060
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Millet
Millet grain yield 
Millet grain yields, across planting dates and varieties were significantly different between 
years (Table 4.4). Yields obtained in 2009 were greater than those obtained in 2010 and 2011. 
Across the years, the largest yield was obtained at D3 which was significantly larger than at 
D2 and both were significantly greater than yield at D1. There was no significant difference 
between the three varieties. 
During the three years, V3 had clearly larger yields with late planting (D3) indicating that this 
variety is better adapted to late planting conditions (Fig 4.5). For V2, the best yield was 
obtained at D2, except in 2011. The interaction between year and variety indicated that in 
2009 the largest yield was obtained with V3, while in 2010 and 2011 V2 yielded most. The 
analysis of the interaction of planting date by year showed that, in 2010, millet yield at D2 
was significantly larger than that at D3, but in 2011 the opposite was observed. 
Fig 4.5: Millet grain and stover yield (kg ha-1) for three planting dates and three varieties for the three years of 
the experiment at N’Tarla agricultural research station, southern Mali. D1 = Early planting, D2 = medium 
planting, D3 = late planting, V1 = Long duration variety, V2 = medium duration variety, V3 = short duration 
variety. The bar represent Standard Error of Difference of mean for the interaction of year*planting date 
*variety. 
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Millet stover yield, harvest index and time to flowering  
Across varieties and planting dates, there was no significant difference between stover yield 
recorded over the three years (P=0.24) (Table 4.4), while across the three years, there was a 
significant decrease with the delay in planting date. The largest stover yield was obtained with 
V1, which was significantly larger than stover obtained with V2 and V3 (Table 4). Interaction 
effects of variety by planting date resulted in stover yields of V1 and V2 being larger than that 
of V3 for D1 and D2 but similar for D3 (Fig 4.5). The harvest index increased progressively 
from D1 to D3 for all three varieties in any given year (Table 4.5). V3 had the largest harvest 
index, despite its low biomass production. The duration of the period from planting to 
flowering of millet (Table 4.5) was significantly reduced with the delay of planting date for 
V1 and V2 but not for V3.  
Sorghum 
Sorghum grain yield 
Across varieties and planting dates, the largest grain yield of sorghum was obtained in 2011 
which was similar to the yield obtained in 2009 (Table 4.4). Both yields were significantly 
larger than the yield in 2010. Across the three years, the largest yield was obtained at D1 
which was similar to the yield at D2, but both were significantly larger than yield at D3. Yield 
of V2 was significantly larger than that of V1 and V3. 
The analysis of the interaction effect of variety by planting date on yield of sorghum (Fig 6) 
over the three years indicated a significant decrease of sorghum yield with planting date for 
the three varieties in 2009. This trend was less obvious in 2010 and 2011, although still 
observed for V1 in 2010. A decrease in yield from D2 to D3 was observed for all years and all 
varieties. Interaction of variety by year was also significant (Table 4.4). It indicated that the 
best yield obtained within the three years was with V2. In addition, yield of V3 was 
significantly greater than yield of V1 in 2009, but in 2010 and 2011 the opposite was found.
Sorghum stover yield, harvest index and time to flowering  
Stover yield during the three years was similar but with a clear decrease associated with a 
delay in planting date across the three varieties (Table 4.4). Stover yield of V1 was 
significantly larger than that of V2 and V3. Interaction of variety by planting date indicated a 
significant decrease in stover yield with later planting date during each of the three years and 
for all varieties (Fig 4.6). The harvest indices observed 2009 and 2011 were significantly 
larger than in 2010. Across the three years, there were no significant differences in harvest 
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index between planting dates or varieties (Table 4.4). The duration from planting to flowering 
of sorghum decreased significantly with the delay in planting date and for all of the three 
varieties. The shortening of the period to flowering was largest for V1 followed by V2 and 
smallest for V3. 
Fig 4 6: Effect of planting date on sorghum grain yield and Stover yield (kg ha-1) for three planting dates and 
three varieties for the three years of the experiment at N’Tarla agricultural research station, southern Mali. D1 = 
Early planting, D2 = medium planting, D3 = late planting, V1 = Long duration variety, V2 = medium duration 
variety, V3 = short duration variety. The bar represent Standard Error of Difference of mean for the interaction 
of year*planting date *variety. 
Cotton
Seed cotton yield 
The average seed cotton yields were not significantly different among years (Table 4.4). 
Cotton yield at D1 was 28% larger than yield at D2 and yield at D1 and D2 outperformed 
yield at D3 for all varieties (Table 4.4). There was no significant difference among the three 
varieties.  
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The analysis of the interaction of planting date by variety on cotton yield over the three years 
(Fig 4.7) indicated that a late planting date resulted in less yields independent of the year. 
Cotton yield at D1 was greater than at D2 which was also significantly larger than D3 for all 
the varieties. The effect of year by variety and planting date by variety were not significant 
indicating that change in year or planting date did not influence the cotton yield among 
varieties (Fig 4.7 and Table 4.4). 
Fig 4. 7: Effect of planting date on seed cotton yield and Stover yield (kg ha-1) for three planting dates and three 
varieties for the three years of the experiment at N’Tarla agricultural research station, southern Mali. D1 = Early 
planting, D2 = medium planting, D3 = late planting, V1 = Long duration variety, V2 = medium duration variety, 
V3 = short duration variety. The bar represent Standard Error of Difference of mean for the interaction of 
year*planting date *variety. 
Cotton stover yield, harvest index and time to flowering  
Cotton stover yield differed significantly from year to year (Table 4.4). Stover yield in 2010 
was respectively 15% and 34% larger than the stover in 2009 and 2011, respectively. Stover 
yields at D1 and D2 were similar but significantly larger than that at D3. Differences between 
varieties were not significant. The interactions of variety by planting on cotton stover yield 
were not significant. The interaction of variety by planting date showed a significant 
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decreased of cotton harvest index with delay in planting (Table 4.4). The duration from 
planting to flowering of cotton did not change significantly with planting date (Table 4.5).
4.4. Discussion 
4.4.1. Seasonal rainfall and crop yield  
Results show that under fertilized conditions, the maize cropping system yielded best of all 
cereals in all three seasons, even in the relatively dry year 2011. When comparing the rainfall 
of three years of the experiment with long term rainfall data (for the period 1965 - 2005, Fig 
4.8) only 11% of the 40 years in the database received less rainfall than 700 mm. The rainfall 
recorded in 2009 is very close to the long-term median annual rainfall amount and falls in the 
rainfall class of 800-900 mm which corresponds to rainfall received in 22% of the 45 years of 
recorded rainfall. This means that maize will outperform the other cereals in grain yield also 
in the long term, and it is therefore expected that the area grown with maize in the Sudano-
Sahelian zone will continue to expand even under dry conditions. 
Fig 4.8: Cumulative distributions of annual rainfall over the period 1965 – 2005 for NTarla 
agricultural research station at NTarla, southern of Mali. 
Our results are consistent with regional analyses across four west African countries showing 
that the average yield of maize is larger than that of millet and sorghum (Bayala et al., 2012). 
This helps to explain why the area under maize as well as total maize production has 
increased during the past two decades in southern Mali replacing sorghum and millet. Recent 
research has shown that the increase of the area under maize varies according to the region 
and its rainfall. In low rainfall areas the increase is less than in high rainfall areas (Conijn et 
Annual rainfall (mm)
400 500 600 700 800 900 1000 1100 1200 1300
Pr
ob
ab
ili
ty
 o
f r
ai
nf
al
l
0
20
40
60
80
100
2011
2009
2010
Chapter 4 – Evaluation of climate adaptation options for Sudano – Sahelian cropping systems 
74
al., 2011; Kouressy et al., 2003). The increase in maize production area is also strongly 
related to cotton production (Laris and Foltz, 2011). Indeed, the Compagnie Malienne de 
Development des Textiles (CMDT) supplies chemical fertilizer and pesticides to farmers and 
also gives them the possibility to pay the costs of the inputs on credit from their cotton 
income. This gives them the chance to obtain inputs without having cash available. The 
amount of chemical fertilizer for maize provided on credit to farmers depends on their area 
cultivated with cotton. This cropping system, cotton in rotation with cereals, provides more 
harvest security for farmers by reducing the risk of complete crop failure (Francis, 1986). In 
this system the cereals following cotton in the rotation benefit from the application of 
chemical fertilizer to cotton (Bationo and Ntare, 2000; Sisworo et al., 1990). There are also 
indications that this rotation decreases disease pressure (Bennett et al., 2012). However, a 
drawback of this cotton –cereal rotation is that if prices of cotton collapse, this  has direct 
implications for cereal production.Nubukpo and Keita (2006) and Djouara et al. (2006) 
showed that a substantial decrease of the cotton price results in less inputs used in cotton. The 
food production risk associated to this linked cotton-cereal rotation might increase in the near 
future. Future climate projections indicate an increased variability of rainfall, likely resulting 
in more dry spells, and an increase of temperature (IPCC, 2007a), factors that adversely affect 
cotton production (Traore et al., 2013). 
The grain yields of millet and sorghum varied independently of the amount of annual and 
seasonal rainfall (Fig 4.2). The highest seasonal rainfall was received in 2010, while the 
largest yield of millet was obtained in 2009 and the largest yield of sorghum in 2011. This 
result is in agreement with Traore et al. (2013) who showed through an analysis of long-term 
(from 1965 to 2005) rainfall and crop yield data (from 1965-1994) in southern Mali that there 
was no significant relation between rainfall amount and sorghum yield. It can be inferred that 
rainfall is not the major yield-limiting factor for the traditional cereal crops like millet and 
sorghum in the study area. Although sorghum can tolerate short periods of water deficit, long-
term and severe stress can negatively affect growth and final yield (Assefa et al., 2010)
In our study, the yield of cotton in 2010 was larger than in 2009 and 2011. The positive 
correlation between cotton yield and seasonal rainfall (Fig 4.2) is in agreement with the 
correlation found from an analysis of long term seasonal rainfall and cotton yields (Traore et 
al., 2013). Cotton needs 600 – 700 mm of water for its production cycle (Alberge et al., 1985;
ITC, 2011) and the most important factor determining the yield is the rainfall distribution, 
especially during the vegetative phase (Traore et al., 2013). In general high rainfall in a 
season is accompanied by a better intra-season rainfall distribution (Alberge et al., 1985).
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However, excessive rain might result in deterioration in fibre quality and cause flower 
shedding, thereby reducing cotton yield (Chaudhry and Guitchounts, 2003), explaining 
probably the lower yield in 2011.  
The effect of inter-annual rainfall variability on grain yield varied depending on the crop and 
planting dates. In our study, the response of maize stover to annual rainfall variability is more 
pronounced (especially for early planting) than that of grain yield. In a year with much 
rainfall (2010) a larger stover yield was obtained but grain yield remained similar to that 
obtained in 2011 with less rainfall. It is reported that the difference between the stover and 
grain yield response might be due to an increase in translocation of photosynthates to the 
ripening grain in case of water stress (Tanaka and Hara, 1974). However, the maize grain 
yield at early planting in 2011 was less than that with medium planting, whereas in 2009 and 
2010 they were similar. That might be related to the poor rainfall distribution at beginning of 
the rainy season in 2011 (13 days of continuous dry spell in June after emergence) indicating 
the sensitivity of maize to erratic rainfall conditions, especially at the juvenile stage. As a 
consequence, drought occurring at the seedling stage affects crop establishment, forcing 
farmers to replant their crops (Edmeades et al., 1993; Kamara et al., 2003). 
For millet and sorghum the yield response to seasonal rainfall variability was less obvious. In 
a year with much rainfall (2010) a smaller grain yield of sorghum was obtained while a larger 
yield was obtained in the driest year (2011) indicating the ability of these crops to perform 
under dry conditions. However, other studies show that despite the resistance of these crops, 
varieties react differently (Fussell et al., 1991). Thus, Do and Winkel (1993) found that, with 
water stress, the decrease in yield for different millet varieties varied between 14 and 40%. In 
our study average yield of the three varieties of millet at D1 and D2 in 2011 was less than half 
the yield at D1 and D2 in 2009 and 2010. Poor millet grain yields can also be due to diseases; 
mildew (S. graminicola) can lead to yield loss of 3 to 21 % in Mali (CILSS, 1987). With 
regard to cotton, the relation between stover and rainfall on the one hand and cotton seed and 
rainfall on the other hand was more obvious (Fig 4. 2).  
4.4.2. Role of planting date  
Our results showed that differences in maize and sorghum grain yields between early and 
medium planting dates are smaller than the difference with late planting. This is in agreement 
with Kamara et al. (2009) who showed that earlier and medium plantings in the Sudano-
Sahelian zone of Nigeria have the advantages faster growth and earlier flowering, thereby 
avoiding drought stress during pollination.Based on these results it can be inferred that for 
Chapter 4 – Evaluation of climate adaptation options for Sudano – Sahelian cropping systems 
76
grain production, there is a possibility to delay planting of maize and sorghum. Therefore, 
with a late or uncertain start of the rainy season, planting of sorghum and maize can be 
delayed from the beginning of June to early July without a major decrease in grain yield. This 
finding is in agreement with Conley and Wiebold (2003). Assefa et al. (2010) found that 
planting within a range of 30 days had a small and inconsistent effects on sorghum grain 
yield. Sultan et al. (2005) identified the month of June as the best planting period for sorghum 
to achieve high attainable yields and minimize the effects of drought.
Lower yields of maize and sorghum with late planting may be due to poor soil moisture 
availability during the reproductive stage and grain-filling period of the crop. The flowering 
period of late planted maize occurred from the end of September to mid-October, a period 
during which rainfall is considerably less than in the other months of the rainy season. 
Flowering in September means that grain-filling will extend to October, a month with little or 
no rainfall, which is problematic on sandy soils with a poor water retention capacity 
(Hoogmoed and Klaij, 1988). Other research indicated that yield components such as kernel 
weight and ear length are adversely affected when planting is delayed (Beiragi et al., 2011). 
For millet, early planting was not a good option over the three years and for all of the three 
varieties. With early planting the entire vegetative growth stage coincides with excessive 
moisture availability, and maturation of the grain occurs in August when rainfall exceeds 
evapotranspiration substantially. These are ideal conditions for head mould caused by 
saprophytic as well as parasitic fungi, reducing the yield of millet (Chandrashekar and 
Satyanarayana, 2006; Kassam et al., 1976). Bacci et al. (1999) suggested that early planting 
also leads to a marked asynchrony between the time corresponding to maximum leaf area 
index and the grain filling phase, characterized by the maximum sink demand and, secondly, 
to a long time interval during which stem growth and panicle growth are in direct competition 
for dry matter accumulation during grain filling (Craufurd and Bidinger, 1989), two factors 
which might also reduce harvestable yield of millet. 
Late planting was also not a good option for cotton over the three years and for the three 
varieties. Delay in planting date systematically leads to a delay of the flowering period and 
therefore a delay in opening and maturing of the bolls. As cotton has indeterminate growth, 
late planting tends to result in continuous growth without maturing before the cessation of 
rainfall. As a consequence, significant numbers of un-opened and immature bolls are 
produced (Rapidel et al., 2009). Therefore, cotton planting is strictly fixed in the sowing 
calendar and in a farm with labour constraints, farmers will delay planting cereals in order to 
plant cotton on time. 
Chapter 4 – Evaluation of climate adaptation options for Sudano – Sahelian cropping systems 
77
Other studies (Kamara et al., 2009; Soler et al., 2008) have shown the importance of planting 
date for enhancing crop productivity. Farmers plant as early as possible to take advantage of 
the flush of available nitrogen associated with early rains and avoid weed pressure (Stoop et 
al., 1981; Vaksmann et al., 1996). They do this although such early planting increases the risk 
of failed establishment and re-sowing (Sultan et al., 2005), and requires more investment in 
pest and weed management. In many West African farming systems, planting date may 
delayed because of the free grazing of animals at the beginning of the season, which can cause 
significant damage to the establishing crop and because of bird damage which is problematic 
when grain filling is out of phase with that of neighbouring crops (Andrews, 1973; Cochemé 
and Franquin, 1967). 
A major challenge of adaptation strategies to climate variability and change is to match 
cropping duration to the length of the rainy season, so that the crop reaches physiological 
maturity. Another key issue is the seasonal rainfall distribution, especially at the beginning of 
the rainy season when planting decisions are taken. Previous findings showed that the start of 
the season determines the length of the cropping season, with a late start resulting in a short 
season (Traore et al., 2013). Our results indicate that a moderate delay does not harm 
performance of maize and sorghum, while early millet planting is best avoided. This offers 
room for accommodating the early planting requirements of cotton. 
4.4.3. Role of variety and interaction with planting date 
There was no significant interaction between planting date and variety for cotton and 
maize.Other studies found that long duration varieties produced more with early planting 
because they could make use of the longer period for grain filling (Agele, 2006; Bello et al., 
2012; Hussain et al., 2011). Furthermore, short duration varieties require lower temperature 
sums to reach flowering, and are in general smaller and have fewer leaves, with a smaller 
associated grain yield (Akbar et al., 2008; Shi et al., 2008). In our study the lack of significant 
differences between maize and cotton varieties, and the absence of an interaction with 
planting date, may be due to the relatively small differences between the varieties in the time 
needed to reach flowering and maturation (Rurinda et al., 2013). Yattara and Sissoko (2007) 
found a similar result when they screened all cotton varieties currently grown in the cotton 
district of southern Mali and for a short duration variety of millet, Coulibaly (1995) also 
obtained high yield with late planting. 
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For millet and sorghum, varieties performed differently with the delay in planting date. The 
short duration variety of millet produced relatively high yields with late planting indicating its 
better adaptation. On the other hand, late planting of the long duration variety systematically 
resulted in poor yields. For millet and sorghum there was a significant reduction of the time to 
flowering for the varieties which are photoperiod sensitive when planting was delayed. 
Early flowering and yield in pearl millet are sensitive to water deficits (Mahalakshmi and 
Bidinger, 1985; Sultan et al., 2005) and water stress during the reproductive stages can stop 
the development of pollen and ovules, and induce premature abortion of fertilized ovules 
(McWilliams, 2003; Saini, 1997). The choice of the millet variety is thus as important as 
planting date, and is influenced by the latter. Clear choices need to be made by the farmer 
depending on the start of the rainy season. When a short duration variety is planted early, the 
harvest time coincides with the heavy rainfall period in August resulting in increased 
incidence of spikelet rot and a lower grain yield. If planting is late on the other hand, this 
variety is the best option. Long and medium duration millet varieties have a high capacity of 
adjusting their flowering time, whatever the planting date. 
This flexibility is also possible with sorghum. With both millet and sorghum, the main 
characteristic allowing for flexibility in managing climate variability is their photoperiod 
sensitivity. Whatever the planting date, photoperiod sensitive varieties reach the flowering 
stage at around the same date. This genetic characteristic is exploited in breeding to let the 
timing of flowering coincide with the end of the rainy season (Bazile and Soumare, 2004;
Kouressy et al., 2008). It is therefore an essential characteristic for adaptation to climate 
variability: by changing the length of the cycle, plants improve their use of the water received 
during the rainy season (Craufurd et al., 1999; Craufurd and Aiming, 2001; Foliard et al., 2004) 
which also helps to avoid the risk of drought, especially at the end of rainy season. It gives 
farmers the flexibility to adjust planting dates to take advantage of early rains while still 
getting a modest crop when rains are delayed (Dingkuhn et al., 2008).  
4.4. Importance of stover yield production in the system 
For maize, millet, sorghum and cotton, the largest stover yields were obtained with early 
planting. In general, the longer planting is delayed, the less total stover yield is produced. This 
result is in agreement with earlier observations. (Bacci et al., 1999; Carberry et al., 1985;
Craufurd and Bidinger, 1988; Kouressy et al., 2008). The positive effect of early planting on 
crop stover can be attributed to an increase in the leaf area index (data not shown) and to an 
increase of the life span of the leaf, thereby resulting in a high total amount of light 
intercepted (Craufurd and Bidinger, 1988). The timing of planting therefore depends on the 
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farmer’s production objectives. In the Sudano-Sahelian region communal grazing land has 
diminished over the last two decades and livestock have become more dependent on crop 
residues, especially during the six-month long dry season. For cattle owners, stover yield is 
often as important as grain yield. In this system, cattle strongly depend on crop residues, and 
the cropping system heavily depends on animals for land preparation and manure production 
(McDowell, 1988).  
4.5. Adaptation to climate change and to variability regional scale 
Farmers in the Sudano-Sahelian region face erratic rainfall patterns which result in recurring 
food crises. Climate change is likely to act as an additional stress on these smallholder 
livelihoods (CGIAR, 2009). As such, even though farmers have experience in dealing with 
climate variability and uncertainty, the increase in ranges of variability creates substantial 
challenges for the entire range of food producers from small to large scale (Crane et al., 
2011). There is a need to perform consistent assessments of climate change impacts on crop 
yields and of the effects of different adaptation strategies at the regional scale. However, 
producing reliable future agricultural production scenarios remains challenging because of 
large uncertainties in regional climate change projections, in the response of crops to 
environmental change (rainfall, temperature), in the coupling between climate models and 
crop productivity functions, and in the adaptation of agricultural systems to progressive 
climate change (Challinor et al., 2007). 
A main constraint in crop production in many West African countries is the mismatch 
between the period needed for crop maturity and the highly variable length of the growing 
season. This mismatch is likely to increase based on scenarios for climate change in the 
region.  Increases in temperature can reduce the time needed for growth and grain production 
of maize and millet (Muchow et al., 1990). From this perspective an increase in temperature 
could lead to earlier harvest which may help to avoid end of season drought. However, few 
studies are available that study these multiple interactions caused by climate variability and 
possible changes in climate. Such interactions need further investigation before impacts of 
climate change can be interpreted with confidence. 
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4.5. Conclusions 
We identified possible adaptation strategies for farmers to deal with the high inter-annual 
variability in rainfall amount and distribution in the Sudano-Sahelian region. For fertilized 
cereal crops, maize performed best across the three seasons. Late planting resulted in 
significant yield decreases for maize, sorghum and cotton, but not for millet. For the four 
crops the largest stover yield are obtained with early planting. Adaptation to climate change 
and variability is not a straightforward choice for early or late planting, nor for long or short 
duration varieties. For the best choice, information on planting date and variety needs to be 
combined and based on the nature of the current weather. Drought risk can be avoided by 
better crop management decisions such on planting date (do not plant too early or too late) in 
combination with varieties that adapted to current rainfall. 
A major challenge is timely access to the seed of crop varieties that fit well to the duration of 
rainy season. Choosing such a variety relies on effective rainfall prediction, information that 
is currently neither accessible to the Sudano-Sahelian farmers, nor available in a way that 
most farmers can understand and take advantage for planning their cropping system. 
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                                                                                                                Abstract 
Future climate change will have far reaching consequences for smallholder farmers, the 
majority of whom depend on agriculture for their livelihoods and have a low capacity to 
adapt. We used a long-term time series of future climate for the Sudano-Sahelian zone of Mali 
coupled with the Agricultural Production Systems sIMulator (APSIM) model to analyse 
impacts of future climate change on cereal production. We analysed changes in future rainfall, 
maximum and minimum temperature under two climatic scenarios leading to a radiative 
forcing of 4.5 Wm-2 and 8.5 Wm-2; to assess the climate change impact on yield of maize and 
millet, and to evaluate potential adaptation options of crop management. 
In southern Mali, the temperature will increase over time. Generally stronger increases occur 
in the rcp8.5 scenario compared to the rcp4.5 scenario. The total annual rainfall is unlikely to 
change. By mid-century predicted maize grain yield losses were 45% and 47% with farmer’s 
practice in the rcp4.5 and rcp8.5 scenarios respectively. The recommended fertilizer 
application did not offset the climate change impact but reduced the yield losses to 38% of the 
baseline maize yield with farmer’s practice. For millet median yield loss was 16% and 14% 
with farmer’s practice in the rcp4.5 and rcp8.5 scenario. If the recommended fertilizer rates 
are applied to millet, the predicted yield losses with farmer’s practice due to climate change 
are reversed in both climate scenarios.
Coping with climate change appears to be possible. If current crop management is improved 
by avoiding delays in planting, application of recommended fertilization rates and use of best 
performing crop varieties yield losses due to climate change can be compensated and even 
turned into a yield increase compared with current yields.  
Keys words: Crop simulation modelling, planting date, fertilizer use, APSIM, sub-Saharan 
Africa, Mali  
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5.1. Introduction 
Climate change is likely to adversely affect food production in many regions of the world, 
especially in developing countries where a large fraction of the population already faces
chronic hunger (Lobell et al., 2008). In sub-Saharan West Africa, the observed decrease in 
rainfall (Dai et al., 2004; Nicholson, 2001) associated with an increase in temperature since 
the 1970s has led to a decline in production (Barrios et al., 2008; Traore et al., 2013). By end 
of the century climate projections show an increase of temperature (1.1 oC -4.8 oC ) and an 
increase of contrast between wet and dry season for the Sahelian region (IPCC, 2013). 
Several studies evaluated the impact of current and future climate on crop production 
(Roudier et al., 2011; Sultan et al., 2013). Schlenker and Lobell (2010), have shown that even 
if rainfall remains constant by mid-century, crop yields would decrease by about 15%, 
probably due to the effect of high temperature reducing the length of the crop growth cycle 
and increasing water stress through higher evaporation losses.  
Crop yield impact studies for Africa illustrate a large dispersion of yield changes ranging 
from -50% to +90% under various climate change scenarios (Roudier et al., 2011). Generally,
the reported changes in crop yield are mostly negative (Challinor et al., 2007). In West Africa, 
the predicted impact is larger in Sudano-Sahelian countries, with an average yield loss of 18% 
compared with an average yield loss of 13% in southern Guinean countries (Sultan et al., 
2013). This difference is likely due to the drier and warmer climate in the more northerly 
countries. In Mali, future crop yields will vary between –17% and +6% at the national level 
(Butt et al., 2005a). Negative impacts of climate change on crop productivity increase in 
severity as warming intensifies, highlighting the importance of coping with global warming.  
As IPCC’s Fifth Assessment Report (AR5) presents new evidence of climate change (IPCC, 
2013), adapting cropping systems to the likely climate changes is essential. Various 
adaptation options that help Malian farmers to cope with current climate variability could be 
considered. In general, these are farm production practices (water management, crop 
landraces, fertilization) but also income/asset management (diversification of activities, 
migration) (Chuku and Okoye, 2009). Shifting the sowing date to the start of the season is 
another common practice of farmers in semi-arid regions (Muller et al., 2010). Crop 
simulation studies for West-Africa showed that sowing date and cultivar type adaptation can 
reduce the negative climate change impacts and even increase crop yields (Tingem and 
Rivington (2009). For example, a simulated 15% and 40% reduction in maize and sorghum 
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yield respectively due to climate change was converted to a 32% and 18% increase 
respectively with the use of different variety with a longer crop growing period (Tingem and 
Rivington, 2009). Moreover, Butt et al. (2005b) argued that by implementing adaptive 
responses such as the use of high-temperature-resistant crop varieties together with addressing 
soil fertility decline, economic gains could exceed losses due to climate change in Mali. 
The broad scale of assessment in the few impact studies that have taken into account 
adaptation options by farmers (Fraser et al., 2011), makes their findings difficult to translate 
into knowledge that can drive local solutions. Local studies with crop models generally result 
in models that perform better for specific locations (soil nutrients and water conditions), 
compared with regional approaches (Fischer et al., 2005) and they can also help farmers to 
make appropriate decisions. Linking climate change scenarios to crop simulation modelling to 
assess the response of crop production to climate change in combination with adaptive farm 
management, can provide information that can enhance strategic decision-making by farmers 
and policy to adapt to novel challenges (Rosenzweig et al., 2013). Thus, more work on likely 
crop responses to climate change needs to be done at various locations to generate more 
information in order to reduce the uncertainty about the possible impacts of the changing 
climate on crop yields. In particular, these analyses are critical in African countries where 
research on impact and adaptation studies is still scarce compared with other regions (White 
et al., 2011). Hence, it is imperative to better understand future climate change and variability, 
the impact on crop production, and the potential of adaptation options for southern Mali. 
We analysed long-term time series of future climate data for southern Mali and used the 
APSIM crop growth simulation model, which we calibrated and tested using data from a three 
years field experiment at N’Tarla agricultural research station. The objectives of this study 
are: (i) to analyse changes in future rainfall, maximum and minimum temperature under two 
climatic scenarios leading to a radiative forcing of 4.5 W m-2 and 8.5 W m-2; (ii) to assess the 
impact of climate change on yield of maize and millet, and (iii) to evaluate potential 
adaptation options of crop management. 
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5.2. Materials and methods 
5.2.1 Site  
We examined the effects of future climate on crop production at N’Tarla (12°35′N, 5°42′W 
302 m.a.s.l.), situated at about 50 km from Koutiala in southern Mali. N’Tarla is 
representative for a region that occupies 14% of the Malian territory, where 40% of country 
population resides and where 50% of the cultivable lands are located (Deveze, 2006). The 
climate in southern Mali is typical of the Sudano-Sahelian zone. Average long-term annual 
rainfall is 846 ± 163 mm at N’Tarla. The rainy season extends from May to October and the 
seasonal average temperature is 29 oC. During the dry season (November–April) the 
temperature and vapour pressure deficit increases and cropping is impossible without 
irrigation. 
Farming systems in the region are mixed agro-sylvo-pastoral systems, focused around cotton 
(Gossypium hirsutum L.) – the main cash crop – in rotation with cereals – sorghum (Sorghum
bicolor (L.) Moench), pearl millet (Pennisetum glaucum (L.) R.Br.), maize (Zea mays L.) –
and legumes – groundnut (Arachis hypogaea L.) and cowpea (Vigna unguiculata (L.) Walp.).  
?
 5.2.2. Experimental data 
This study uses data from a three-year (2009, 2010 and 2011) experiment conducted at the 
N’Tarla agricultural research station, which is described in detail by Traore et al. (2014). The 
experimental design was a split-split-plot arrangement with three factors (crop, variety, 
planting date) and four replicates. The factor on the main plots was the type of crop (maize, 
pearl millet, sorghum, and cotton). On the sub-plots three open pollinated varieties of each 
crop were tested, referred to as V1 (long duration variety), V2 (medium duration variety), V3 
(short duration variety) (FAO, 2008c) and three planting dates were chosen to cover the 
possible range of planting dates in southern Mali, referred to as D1 (early planting date), D2 
(medium planting date) and D3 (late planting date). All plots received three tonnes per hectare 
of dry manure (organic matter content 44%) and crop-specific recommended fertilizer rates 
(IER/CMDT/OHVN, 1998). Plot size was 34 m2 with 7 plant rows of 6 m length each.  
Leaf Area Index (LAI) of maize and millet was measured at 15, 30, 45, 60 and 75 days after 
planting. Flowering date was recorded when the first tassel for maize and panicle for millet 
appeared on 50% of the plants. Crops were harvested after physiological maturity; stover and 
grain yields were estimated from a net plot of 12 m2 (3 rows of 5 m length) in the centre of the 
plot to avoid border effects. Grain was separated from stover. Stover and grain sub-samples 
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for each treatment were bagged, weighed and oven-dried at 70 ºC for 2 days to convert fresh 
weight to dry matter. Daily rainfall, minimum and maximum temperature and radiation were 
recorded at the N’Tarla meteorological station situated at about 1 km from the experimental 
fields. Missing values for solar radiation were replaced by values from the Koutiala weather 
station, at about 50 km from the N’Tarla agricultural research station.
 5.2.3. Model analyses  
The APSIM (Agricultural Production Systems sIMulator) model (Keating et al., 2003) was 
used to evaluate climate change impacts on maize and millet yields, and to evaluate the 
adaptation options of crop management (see below, section 2.5). The APSIM Maize (7.4) and 
the APSIM millet (7.4) modules together with the soil water module and the soil nitrogen 
module within APSIM were parameterized and tested using the results of the above described 
experiment (Traore et al., 2014). Using simulated data of climate change scenarios (Taylor et 
al., 2012), the effect of future climate on crop production was estimated. In this way, we 
simulated the growth of maize and millet as limited by soil water and nitrogen. Other growth 
reducing factors were accounted for by assuming a suboptimal value of the radiation use 
efficiency (RUE) obtained through model calibration.  
Model parameterization 
The key crop and soil parameters used in APSIM are derived from literature and one year 
(2010) of experimental field observations (Table 5.1 and 5.2). Cultivar characteristics were 
based on observed phenological characteristics: crop phenology documented during the 
experiment was used to calculate the thermal time between crop phases from germination to 
maturity (Table 5.1). Base temperature, grain maximum number per head and grain growth 
rate were calibrated based on observed biomass and grain production data of 2010. For the 
regression coefficients between the area of the largest leaf and total leaf number of millet 
published data were used (Akponikpè et al., 2010).Soil water content at the drained upper 
limit (DUL), at the lower limit (LL), and at saturation (SAT) were based on soil measurements 
performed at the experiment (Table 5.2). The bare soil runoff curve number was set to 40 to 
account for low runoff due to the flat nature of the topography and the high infiltration 
potential of the sandy soil. Soil organic carbon, soil pH and soil bulk density values were 
measured at the experimental site.  
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Table 5.1: Crop parameter for the long (V1), mid (V2) and short (V3) duration varieties of maize and 
millet used in the APSIM simulations 
V1 V2 V3 Units Ref.
Maize Emergence-end juvenile 307 290 263 oC day Observed
End juvenile- floral initiation 31 31 33 oC day Observed
Flag leaf-flowering 15 15 18 oC day Observed
Flowering-start grain filling 191 191 185 oC day Observed
Flowering - maturity 620 620 589 oC day Observed
Day length photoperiod to 
flowering 12.5 12.5 12.5 H Default
Day length photoperiod for 
insensitivity 24 24 24 H Default
photoperiod for insensitivity 23 23 23 oC/H Default
Base temperature 10 10 10 oC Estimated
Grain maximum number per 
head 530 530 530 number Estimated
Grain growth rate 8 8 9 mg/day Estimated
Radiation use efficiency 1.6 1.6 1.6 g/MJ Default
Transpiration use efficiency 0.009 0.009 0.009 kPa Default
Millet Emergence-end juvenile 430 400 315 oCdays Observed
End juvenile- floral initiation 112 112 * oCdays/h Default
Flag leaf-flowering 60 60 60 oCdays Observed
Flowering-start grain filling 100 100 100 oCdays Observed
Flowering - maturity 548 457 508 oCdays Observed
Regression of largest leaf area -807 -807 -807 mm2 Akponikpè et al. (2010)
Regression of largest leaf area 1137 1137 1137 mm2/leaf Akponikpè et al. (2010)
Grain number per head 3500 2000 3200 grain/head Estimated
Grain growth rate 0.42 0.42 0.42 mg/grain/day Akponikpè et al. (2010)
Radiation use efficiency 1.3 1.3 1.3 g/MJ Akponikpè et al. (2010)
Transpiration use efficiency 0.009 0.009 0.009 kPa Default
*V3 is not photoperiod sensitive 
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Table 5.2: Soil parameters used in the APSIM simulations
Acronym 0-10 10-20 20-30 30-40 40-60 60-80 units Ref.
Bulk Density BD 1.57 1.57 1.72 1.67 1.74 1.65 g/cc Measured
Water lower limit* LL 0.148 0.14 0.171 0.114 0.086 0.107 mm/mm Measured
Drained Upper 
Limit
DUL 0.283 0.272 0.304 0.283 0.206 0.25 mm/mm Measured
Saturated water 
content
SAT 0.317 0.305 0.337 0.331 0.226 0.273 mm/mm Measured
Soil water 
extraction
KL 0.05 0.05 0.05 0.05 0.05 0.05 /days Estimated
Layer drainage 
rate 
SWCON 0.4 0.4 0.4 0.4 0.4 0.4 Estimated
Inert fraction of 
organic carbon
FINERT 0.2 0.2 0.35 0.35 0.899 0.89 Sissoko  
(2009)
Labile fraction of 
organic carbon 
FBIOM 0.04 0.02 0.02 0.01 0.01 0.01 Sissoko 
(2009)
Soil albedo SALB 0.13 mm Sissoko  
(2009)
Stage1 soil 
evaporation 
coefficient 
U 8.65 Sissoko 
(2009)
Stage 2 soil 
evaporation 
coefficient
CONA 0.01 Sissoko 
(2009)
Bare soil runoff 
curve 
CN2 40 Sissoko  
(2009)
Reduction in 
CN2_BARE 
CN_RED 28 Sissoko  
(2009)
*Value for soil water lower limit was used for crop lower limit
Model evaluation 
The model was tested on the total aboveground biomass, grain yield and LAI measured in 
2009 and 2011. Model performance was evaluated graphically and quantified by calculating 
the explained variance the root mean squared error (RMSE) and the model efficiency (EFF)
(Willmott et al., 1985). 
?? ? ? ??? ? ??
??? ? ?? ??? ? ?????????????
? ??? ? ?????????
Where Oi and Pi are the observed and simulated yield and ?? is the mean of the observed 
values.  
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 5.2.4. Future climate data 
We used the latest CMIP5 (Coupled Model Intercomparison Project Phase 5) climate 
modelling results for historical (1976-2005) and future climate data. In order to span some of 
the uncertainty in climate projections, average results of five GCMs (CNRM-CM5, 
ECEARTH, HADGEM2-ES, IPSL-CM5A-LR, MPI-ESM-LR) were generated. This 
increases the accuracy of the projected output compared to the individual model simulation 
(Pope et al., 2007). These particular GCMs were selected firstly because they were used in the 
latest IPCC report (IPCC, 2013) and secondly because daily bias-corrected data for maximum 
and minimum temperature and rainfall were readily available on a 0.5 x 0.5 degree grid for 
the location of interest over the period 1976 to 2005 for the past climate and for 2006 to 2099 
for the future climate. Radiation data was bias corrected according to the method of 
Haddeland et al. (2012). The method of Piani et al. (2010) was used to bias correct 
temperature and rainfall. For both methods the WATCH forcing data was used as a baseline 
(Weedon et al., 2011). 
Results of two greenhouse gas emission scenarios described in the Special Report on 
Emissions Scenario (Nakicenovic et al., 2000) were used. These emission scenarios represent 
different likely trends in population change, economic output, land use, energy and 
technology (Sheffield and Wood, 2007).  
In the worst case scenario (rcp8.5), as a result of continuously increasing global population 
and limited technological change, CO2 emissions in the period 2000–2099 will multiply 4–5
times and the atmospheric CO2 concentrations will rise to 850 ppm. Temperature will increase 
2.0–5.4 oC. In the rcp4.5 scenario environmental protection is emphasized and world 
population increases at a relatively low speed. The atmospheric CO2 concentrations will 
stabilize at 550 ppm by the end of the century. Temperature will increase by 1.1–2.9 oC.
Future minimum, maximum temperature and rainfall were compared to the base line 
conditions by means of graphical analyses showing monthly averages and ranges of the 
selected climate indicators.  
5.2.5. Crop production and possible adaptation options  
We first analyse the effects of climate change on crop production for the long (V1) and the 
short duration (V3) varieties of maize and millet at the early planting date (D1) and with 
current farmers’ practice (F1) rates of N fertilizer (60 kg N ha-1 for maize and no N for millet, 
respectively). Then, the effects of different cropping practices in current and future climate 
are explored by investigating effects of recommended fertilizer rates (85 kg N ha-1 for maize 
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and 40 kg N ha-1 for millet), three planting dates and two varieties. Both single factor and 
interaction effects were quantified using analysis of variance (ANOVA) procedures (P≤ 0.05) 
for a general treatment design with no blocking (GenStat Edition 14 Library Release PL18.2, 
VSN International Ltd).  
5.3. Results 
5.3.1. Model performance 
Model performance for maize was good. Simulated grain yields were relatively close to 
observed values over the whole range of observations with explained variances of 0.89 for 
2010 and 0.70 for 2009 and 2011 (Fig 5.1). For total aboveground biomass the explained 
variance was lower: 0.55 both for the year used for calibration and for the two years used for 
testing the model.  
Fig 5.1: Comparison of observed and simulated grain yield of maize in 2010 for calibration (a) and 
2009 and 2011 for the model test (b). (c) and (d) represent respectively comparison of observed and 
simulated total aboveground biomass of maize in 2010 for calibration and 2009 and 2011 for the 
model test. The 1:1 line is indicated in each graph.  
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Model efficiency for yield and total aboveground biomass was satisfactory for the three 
varieties (Table 5.3). Also LAI was adequately simulated with RMSE values of 0.36, 0.30 and 
0.34 for V1, V2 and V3 respectively and the model efficiency was higher than 0.95 for the 
three varieties. Model performance for millet was satisfactory with R2 values of 0.60 and 0.45
respectively in the calibration year and the two test years (Fig 5.2). For total aboveground 
biomass R2 values were 0.53 and 0.71 for calibration and test datasets of the model. The 
model adequately simulated millet total aboveground biomass, grain yield and LAI for the 
three varieties (Table 5.3).  
Table 5.3: Model performance statistics for maize and millet grain yield (kg ha-1), total above ground 
biomass (kg ha-1) and leaf area index (LAI)  
V1 V2 V3
RMSE EF RMSE EF RMSE EF
Maize grain yield 397 0.54 497 0.15 463 0.38
Total..aboveground 
biomass 1333 0.65 1549 0.30 933 0.42
LAI 0.36 0.95 0.30 0.98 0.34 0.95
Millet grain yield 249 0.39 380 0.32 295 0.54
Total..aboveground 
biomass 1226 0.77 1316 0.64 2040 0.31
LAI 0.68 0.79 0.75 0.74 0.43 0.85
RMSE: Root mean square error, EF: efficiency of the model 
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Fig 5.2: Comparison of observed and simulated yield of millet in 2010 for calibration (a) and 2009 and 
2011 for the model test (b). (c) and (d) represent the comparison of observed and simulated total 
biomass of millet in 2010 for calibration and 2009 and 2011 for the model test. The 1:1 line is 
indicated in each graph.  
 5.3.2. Climate change in Mali 
Climate predictions showed increasing temperature with time and generally stronger increases 
in the rcp8.5 scenario compared with the rcp4.5 scenario. Changes in rainfall were not 
significant in both scenarios throughout the 21st century. In what follows, results are shown 
mostly for the mid-century period (2040-2069), because for this period, meaningful changes 
were detected and believed to be more reliable than for the end of the century period (2070-
2099).  
In the simulated base line climate of the past 30 years, average maximum and minimum 
temperatures were 35oC and 22oC respectively. In the rcp 8.5 scenario average annual 
maximum and minimum temperature increased by 2oC and 2.3oC by the mid-century (2040-
2069) as compared to the base line. The strongest warming will occur in April and May with 
an increase of 2.7oC and 3.2oC in maximum and minimum temperature respectively (Fig 5.3). 
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The increase in August and September (the period of flowering and maturity of many crops) 
is 1.5oC and 1.7oC for maximum and minimum temperature respectively.  
Compared to the rcp8.5 scenario, the expected warming by mid-century is less pronounced in 
the rcp4.5 scenario (Fig 5. 3). In April-May maximum and minimum temperature increases by 
2oC and 2.3oC respectively, while in August-September this is 1oC and 1.2oC (Fig 5.3). The 
average annual rainfall for the base line climate was 920 mm. By mid-century, no significant 
change in this amount is predicted in both the rcp4.5 and rcp8.5 scenarios (Fig 5.4). 
Fig 5.3: Maximum and minimum temperature during the period 2040-2069 under climate scenarios 
rcp4.5 and rcp8.5 compared to the simulated baseline observations (1976-2005) shown as a solid line.  
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Fig 5.4: Boxplots of predicted monthly rainfall for the mid-century for two future climate scenarios 
(rcp4.5 and 8.5) along with predicted baseline rainfall (solid line). 
5.3.3. Yield predictions under climate change with current fertilizer practices 
For the long duration variety (V1) of maize at early planting date (D1), the median predicted 
grain yield in the base line climate was 2322 kg ha-1 (Fig 5.5). In the mid-century period 
(2040-69), the median predicted grain yield declined by 37% and 42% for the rcp4.5 and 
rcp8.5 scenarios respectively. A similar impact of climate change was predicted for the short 
duration variety (V3), showing a decrease of 28% and 35% relative to the predicted baseline 
yield of 1796 kg ha-1 for the rcp4.5 and 8.5 scenarios respectively (Fig 5.5). Comparing the 
two maize varieties at early planting, the median grain yield of the long duration variety was 
larger than the short duration variety in the baseline climate and the future climate.  
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Fig 5.5: Cumulative distribution of simulated yield of long (V1) and short (V3) duration variety at 
early planting (D1) for maize and millet under the baseline climate and two future climate scenarios 
(rcp4.5 and 8.5) from 2040 to 2069.  
The median predicted grain yield in the baseline condition was 1325 kg ha-1 for the long 
duration variety (V1) of millet at early planting (D1) (Fig 5.5). Predicted median yield loss 
was 13% and 7% for rcp4.5 and rcp8.5 respectively (Fig 5.5). For the short duration variety 
(V3) of millet at early planting (D1), median predicted grain yield in the baseline condition 
was 1246 kg ha-1 (Fig 5.5). Under the future climate, median predicted yield loss was 13% for 
both climate scenarios. Comparing both millet varieties at early planting revealed that the 
median predicted yield of the long duration variety was larger than that of the short duration 
variety under the baseline conditions. This difference will remain similar by the mid-century 
period for both climate change scenarios. 
Using a grain yield threshold of 1200 kg ha-1, both maize varieties yielded more in all years of 
the baseline climate, whereas for millet the long and short duration variety yielded less in 10 
and 20% of the years. For the long duration variety of millet yields below 1200 kg ha-1
occurred in 53% and 40% of the years for rcp4.5 and rcp8.5 respectively while for maize 
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these values were 33% and 37%. With regard to the short duration variety of millet, yields 
below 1200 kg ha-1 occurred in 80% and 93% of the years for rcp4.5 and rcp8.5 respectively, 
versus 37% and 53% of the years for maize. 
5.3.4 Predicted time to flowering under climate change 
Linear regression analysis indicated a significant (P<0.001) shortening of the predicted time 
to flowering from 2010 to 2069 for both varieties of maize and millet (Fig 5.6). For the long 
duration variety of maize, the simulated time to flowering was shortened by 2.5 days and 4 
days for rcp4.5 and rcp8.5 respectively, while for the short duration variety the shortening was 
2 and 3 days over the period 2010-2069. With regards to millet the simulated time to 
flowering was shortened by 2 days for both the long and short duration variety under scenario 
rcp4.5. For rcp8.5, the shortening was 4 and 3 days for the long and short duration variety 
respectively over the period 2010-2069. 
Fig 5.6: Simulated time to flowering (days) for V1 (long duration) and V3 (short duration) of maize 
and millet during the period 2010-2069 compared to the base line period (1976-2009) for two future 
climate scenarios (rcp4.5 and 8.5) 
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5.3.5 Evaluating adaptation options to future climate change 
For both crops, the main effects of fertilizer, planting date, variety and climate were 
significant and as expected, higher fertilizer, earlier planting and long duration varieties 
increase the grain yields (Table 5.4). Future climate change is predicted to negatively affect 
grain yields across the other factor levels. In order to evaluate adaptation to climate change, 
we focus on the interaction effects between the crop management factors and the climate 
factor (Table 5.5) for both crops separately.  
Table 5.4: Main effect of fertilizer, planting date, variety and climate on simulated yield of maize and 
millet  
Millet Maize
Yield
(kg ha-1) P SED
Yield 
(kg ha-1) P SED
Fertilizer F1 951 0.001 8 1170 0.001 26F2 1127 1400
Planting 
date D1 1335 0.001 10
1822
0.001 31D2 964 1511
D3 816 522
Variety V1 1122 0.001 8 1378 0.001 25V3 955 1191
Climate Baseline 1140
0.001 10
1898
0.001 31rcp4.5 999 980
rcp8.5 977 976
For millet F1= application of 0 kg N ha-1 corresponding to farmer practice, F2= application of 40 kg 
N ha-1 corresponding to the recommended practice. For maize F1= application of 60 kg N ha-1 
corresponding to farmer practice, F2= application of 85 kg N ha-1 corresponding to the recommended 
practice, D1, D2 and D3 correspond respectively to early (June), medium (July) and late (August) 
planting. V1 and V3 correspond to long and short duration. 
Maize 
There was a significant interaction effect of climate on the fertilizer - maize grain yield 
relationship (Table 5.5). Predicted grain yield losses were 45% and 47% with farmer’s 
practice in the rcp4.5 and rcp8.5 scenarios respectively. Although the recommended fertilizer 
application did not offset the climate change impact, it reduced the yield losses to 38% of the 
baseline yield with farmer’s practice.
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The impact of climate change was similar at early and medium planting, with average yield 
loss of about 43% for both rcp scenarios respectively. At late planting, which results in very 
small grain yields, the relative yield losses were larger than 50% in both climate scenarios 
(Table 5.5).  
Across the three planting dates and two fertilizer rates, the interaction effect between variety 
and climate was not significant for maize, indicating that climate change would affect the 
yield of the two varieties similarly (Table 5.5). 
Table 5.5: Average simulated yield and interaction effect of fertilizer application, planting date and 
variety by climate, comprising the current and the projected mid-century (2040-2069) climate under 
the rcp4.5 and rcp8.5 scenarios.  
Millet Maize
Factor Baseline rcp4.5 rcp8.5 Baseline rcp4.5 rcp8.5
Fertilizer F1 (farmer practice) 1035 915 902 1686 921 902
F2 (recommended 
practice) 1245 1083 1051 2110 1040 1049
P 0.001 0.001
SED 14 44
Planting 
date D1 (Early) 1443 1289 1275 2599 1476 1390
D2 (Medium) 1059 928 905 2132 1206 1194
D3 (Late) 920 780 749 964 259 343
P 0.874 0.001
SED 18 54
Variety V1 (Long duration) 1218 1082 1066 2116 1003 1017
V3 (Short duration) 1062 916 887 1680 958 935
P 0.052 0.001
SED 14 44
Whereas recommended fertilizer rate application improved yields for both current and future 
climate, the effect is negligible if planting is late (D3) (Fig 5.7). Also, the fertilizer effect was 
stronger for the long duration variety (V1) as compared with the short duration variety both 
for the baseline and the future climate scenarios. If planting is delayed strongly (D3), the short 
duration variety appeared as a good alternative, whereas with a slight delay (D2), the long 
duration variety still yielded more.  
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Millet 
Simulated grain yield obtained with recommended fertilizer practice was larger than with 
farmer practice by about 17% under baseline climate, by 16% under the rcp4.5 scenario and 
by 14% under the rcp8.5 scenario (Table 5.5). If the recommended fertilizer rates are applied, 
the predicted yield losses with farmer’s practice due to climate change are reversed in both 
climate scenarios (Table 5.5). The impact of climate change was similar at early and medium 
planting, with average yield loss of about 12% in both scenarios respectively. Delaying 
planting from D1 to D3 caused a strong yield loss across the baseline and future climates. 
With both millet varieties, a similar significant effect of climate on grain yield was obtained, 
with simulated yield losses for the long duration variety of 11% and 13%, and for the short 
duration variety of 14% and 16% under the rcp4.5 and rcp8.5 scenarios respectively (Table 
5.5).  
Applying recommended fertilizer rates to the long duration variety results in a strong yield 
increase especially at early planting in the current climate (Fig 5.7). In both rcp4.5 and rcp8.5 
scenarios, fertilizer can largely offset the negative effect of climate change. For the short 
duration variety on the other hand, applying recommended fertilizer rates may offset the 
climate change effect at early planting for both rcp scenarios. 
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Fig 5.7: Simulated yield of long (V1) and short (V3) duration of maize and millet under the base line 
climate and under the two future climate scenarios (rcp4.5 and 8.5) for the mid-century (2040-2069) 
for southern Mali. For millet F1= application of 0 kg N ha-1 corresponding to farmer practice, F2= 
application of 40 kg N ha-1 corresponding to the recommended practice. For maize F1= application of 
60 kg N ha-1 corresponding to farmer practice, F2= application of 85 kg N ha-1 corresponding to the 
recommended practice, D1, D2 and D3 correspond respectively to early (June), medium (July) and late 
(August) planting.  
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5.4. Discussion 
Our results showed that with both rcp scenarios, temperatures will increase in southern Mali, 
with negative consequences for crop productivity. If current sub-optimal crop management is 
improved, i.e. if delays in planting date are avoided, if recommended fertilization rates are 
used and if best performing crop varieties are chosen, the loss in crop yield due to climate 
change can be compensated and even turned into a yield increase compared with current 
yields. However, to achieve this crop management improvement will be a major challenge. 
We now discuss our main findings in more detail. 
5.4.1. Climate change for the region 
Our results showed that the current trend of climate warming in southern Mali (Traore et al., 
2013) will continue and even increase in speed, resulting in a maximum and minimum 
temperature increase of 2 and 2.3oC respectively by the mid-century period. Across the West 
African Sahel a trend of increasing maximum and minimum daily air temperatures was 
observed for all the three main ecological zones (Sudanian, Sahelian and Sahelo -Saharan), 
with minimum temperatures increasing at a faster rate (CEDEAO-ClubSahel/OCDE/CILSS, 
2008). This geographically widespread warming trend in West Africa includes a tendency of 
drier regions warming up more than relatively wetter regions (Dai et al., 2004). As a 
consequence, temperature thresholds with negative effects on food production that used to be 
reached relatively rarely, are being reached more frequently (Stott et al., 2004) and this trend 
will intensify by mid - century if greenhouse gas emissions continue unabated (Stott et al., 
2011). 
Our results showed no clear changes in the distribution as well as in the monthly amount of 
future rainfall. Projections for the non-Saharan zones in Mali are highly uncertain, as 
individual models generate large, but disparate, responses in the Sahel (IPCC, 2007a). 
Although reduction of rainfall on average is not expected to be strong, a study for the Sahelian 
region indicates that extremely dry and wet years will likely become more frequent during the 
21st century (Brooks, 2004; Dai et al., 2004). 
Increasing temperatures will lead to increased evaporation and thus drying, thereby increasing 
the intensity and duration of droughts (Trenberth, 2011). On the other hand, increased 
atmospheric water vapour capacity due to warming may lead to increased water vapour in the 
atmosphere. This could mean that storms, and thunderstorms, being supplied with more 
moisture, will produce more intense precipitation events (Dai, 2001; Shinoda et al., 
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1999).These two possible increases in rainfall variability, more droughts and more intense 
precipitation events were not captured by the average GCM data used in this study, and 
therefore the main changes in crop productivity due to climate change were driven by changes 
in temperature. 
Elevated CO2 concentration improve nitrogen use efficiency and crop transpiration but  
showed that for maize still no unequivocal evidence exist of positive effects of CO2 increases 
on maize production (Leakey et al., 2009). Experiments have shown that for maize increased 
CO2 reduces transpiration under well watered conditions, and increases soil water 
availability, but whether under water stress conditions this effect leads to increased maize 
yields is still unclear. 
5.4.2. Effect of climate change on yield of maize and millet 
Both long and short duration maize and millet varieties are negatively affected by climate 
change. The substantial yield reductions for both crops suggest that the temperature increase 
will strongly affect food production in the Sudano - Sahelian zone. Several studies have 
shown the potential impact of future climate change on the performance of sub-Saharan 
Africa agriculture (Barrios et al., 2008; Lobell and Field, 2007; Nelson, 2009; Sultan et al., 
2013), but often not in great detail with a specifically calibrated and tested crop growth 
model. The magnitude of the reported crop yield response to climate change in sub-Saharan 
Africa varies considerably (-98% to +16%) (Fischer et al., 2001; Jones and Thornton, 2003;
Parry et al., 2004) although the change is negative in most cases (Challinor et al., 2007). This 
high range of yield variability may be explained by spatial variability and the use different 
crop growth simulation methods. The predicted impact is larger in northern West Africa 
(Sudano-Sahelian countries) than in southern West Africa (Guinean countries) which is likely 
due to drier and warmer climate predictions for the northern part of West Africa (Challinor et 
al., 2007).  
The negative impacts of warming on yields of maize and millet clearly highlights the 
importance of coping with global warming especially for those smallholder farmers with low 
adaptive capacity like most farmers in Mali and across the majority of Sub-Saharan African 
countries. Adding to that, low soil fertility of the Sahel region or inappropriate management 
practices of farmers could result in additional influences that are difficult to separate from that 
caused by climate change.  
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With no clear predicted change in rainfall, the observed climate impact is assigned to the 
increased temperature. This interpretation is in agreement with Schlenker and Lobell (2010), 
who found that the marginal impact of one standard deviation change in precipitation is 
smaller than that of one standard deviation change in temperature. Although the temperature 
effect is expected to be large, rainfall change can have an impact, even if it is smaller than that 
caused by the change in temperature. For a millet variety in Niger, a potential rainfall change 
strongly affected the negative temperature increase effects (+1.5?C), with a 59% and 26% 
crop yield loss for decreasing and increasing rainfall respectively (Salack and Traore, 2006). 
Roudier et al. (2011) indicated rainfall changes, still uncertain in climate projections, have the 
potential to aggravate or moderate impact due to temperature depending on whether rainfall 
decreases or increases. 
Our results showed that a key cause of decreased crop yields is the reduction of the time to 
flowering, thereby reducing the effective period in which biomass and assimilate build up to 
be used for grain filling can take place. Increasing temperature results in accelerating crop 
respiration and limiting photosynthesis thus leading to a reduction of biomass (Waha et al., 
2013b) and acceleration in maturation rates is mainly related to moisture stress (Singh et al., 
1998). In our study droughts and intense rainfall events were not captured by the average of 
five GCMs suggesting that daily rainfall amounts are “smeared out” over the days leading to 
small, but very regular rainfall events, which may result in an underestimation of water stress.  
Increase of temperature may also lead to accelerated soil carbon decomposition (Conen et al., 
2006; Knorr et al., 2005) but studies showed that this decomposition could be insensitive due 
to biological adaptation (Luo et al., 2001) or to the influence of other factors such as nutrient 
availability (Kirschbaum, 2000). Furthermore, temperature changes may also affect the length 
of the growing period, increase potential evapotranspiration, and may push plants closer to 
damaging thresholds (Easterling, 2007; Solomon, 2007). The ability of a crop to withstand 
heat stress depends upon the developmental stage when a heat wave occurs. 
In terms of the risk of low crop yields, our results showed that, although both millet and maize 
productivity were impacted by climate change, the percentage of low yield obtained with 
millet was higher than that obtained with maize and this holds for both long and short 
duration varieties. This means that in terms of coping with future climate change, maize is 
likely to remain attractive to farmers.  
However, the area of maize in the crop rotation in Mali remains less than that of millet and 
sorghum (Djouara et al., 2006). Given the farmers’ interest in growing maize, increase of 
maize areas in the cropping system at the expense of millet and sorghum could be an option 
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for coping with the negative impact of climate and improve farmers’ incomes. However this 
increase must be accompanied by easy access of the farmers to mineral fertilizer.  
5.4.3. Adaptation options to future climate change 
We found that maize and millet yields obtained with the recommended fertilizer applications 
were larger than the yields obtained with farmer’s practice highlighting the role of chemical 
fertilizer in coping with negative effects of future increase of temperature in the Sudano-Sahel 
zone of Mali.  
Yield improvement through fertilizer application can only be achieved realistically, if the risk 
of investment for resource of poor farmers is reduced through increased fertilizer use 
efficiency (Bationo et al., 1998; Buerkert and Lamers, 1999; de Ridder et al., 2004). Given the 
risks involved with an unpredictable climate, farmers are not willing to invest in fertilizers but 
economising and improving the fertilizer management may encourage them to use more on 
cereal crops. Several studies have shown that the practice of micro-dosing or hill application 
can improve yields and farmers’ income considerably (Abdoulaye and Sanders, 2005;
Sawadogo-Kaboré et al., 2009; Tabo et al., 2007). 
For maize and millet the effect of climate change was important for each planting date. This 
means whatever the planting date, climate change will act similarly, thus it is obvious that 
yield obtained with early planting is the best option to cope with climate impact. Farmers take 
the risk of planting earlier as a strategy to increase crop yields through improved nutrient 
availability associated with the first rains (Weber et al., 1995). In the study site, planting date 
varies according to crops and also according to farm types (Traore, 2007). For instance, due to 
its rustic characteristics, millet can be planted in dry conditions whilst such a risk is never 
taken with maize. Early planting is restricted by labour availability and lack of equipment 
(Jagtap and Abamu, 2003). Thus farms with few resources delay planting of maize or cotton 
resulting in low yield (Traore et al., 2014) 
Despite the benefits, early planting increases the risk of failed establishment and replanting 
(Sultan et al., 2005), and requires more investment in pest and weed management. This 
constraint will still remain or will become worse, adding to the negative impacts of future 
climate. Changing to more early planting depends on the improvement of current planting 
techniques which are based on the use of a rudimentary drill that has not evolved since its 
introduction in 1960 (FAO, 2008a). By improving the planter in order to plant a larger area, 
labour efficiency could be improved therefore giving an opportunity, especially for farmers 
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with smaller land areas, to take advantage of the first rains at the beginning of the rainy 
season. 
Although yields of long and short duration varieties were decreased by climate change we 
found that yields of a long duration variety were larger than that of short duration variety. 
This means that coping with future climate depends on keeping long duration varieties in the 
cropping system. By contrast, research efforts in the West African Sahelian zone are devoted 
to creating short duration varieties (Vadez et al., 2012; Vaksmann et al., 2008) in order to 
cope with the high climate variability, especially high inter-annual rainfall variability. We 
argue though that the challenge is rather to find an integrated combination of both long and 
short duration varieties in the smallholder cropping system. This needs a clear definition of 
planting dates for each type of variety in relation to the pattern of the start of rainfall and to 
the farmers’ capacity to plant crops early. 
Across the region the distribution of varieties must be drawn up based on the occurrence of 
the length of growing period which varies with the latitude (Traore et al., 2007). The ideal 
option would be to identify a series of varieties that fit to each agro-ecological zone. 
5. Conclusion 
Our study demonstrates that with both climate scenarios, that is the worst case scenario 
(rcp8.5) and a scenario taking into account environmental protection (rcp4.5), temperatures in 
southern Mali will continue to increase, with subsequent negative consequences for crop 
productivity. If current sub-optimal crop management is improved – if delays in planting date 
are avoided, if recommended fertilization rates are used and if best performing crop varieties 
are chosen – the loss in crop yield due to climate change can be compensated and even turned 
into a yield increase compared with current yields.
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6. General discussion 
6.1. Introduction
Smallholder agriculture is the core contributor to agricultural production in most Sub-Saharan 
African countries and the main driver for family food self-sufficiency. But in most cases 
productivity remains desperately poor especially in the Sudano - Sahelian region where the 
soil fertility is inherently low, and the use of agricultural inputs is limited. As crop production 
\\is mostly rainfed, it is highly susceptible to the large inter-annual climate variability and the 
frequent droughts occurring during the growing season, which are typical for the region. 
Climate change, in the form of an increase in minimum and maximum temperature (Conway, 
2009), which is likely to accelerate in the future (IPCC, 2013), adds a further challenge to 
agriculture. 
Research on climate change and variability and their impacts on agriculture play a key role in 
the development of both tactical and strategic means to minimise the impacts. Attempts to 
address the problem of poor agricultural productivity of smallholder farms with low adaptive 
capacity to current and future climate, need to combine local knowledge of the functioning of 
the farming systems of interest, quantification of possible effects of adaptation options 
through experimentation and modelling and participatory evaluation of these options. Thus, in 
this thesis I combined understanding of past and future climate on the one hand and the 
current cropping practice in the region of interest on the other hand in order to identify 
cropping strategies that may allow farmers adapting to climate variability and change.  
The general purpose of this thesis was to quantify the possible change of past and future 
climate, together with farmers’ perception of the changes, and identify adaptation options for 
the Sudano - Sahelian region of West Africa. In this chapter I synthesise the main findings 
and draw some important conclusions in the context of smallholder farming system in the 
Sudano - Sahelian zone of West Africa. This will be achieved by discussing the opportunities 
for different types of farmers to integrate the potential adaptation options identified in 
Chapters 3, 4 and 5 into their farming system in order to better compensate for the negative 
effects of current and future climate. 
6.2. Farm types and their adaptive capacity
The general view is that Sudano - Sahelian farmers mostly produce millet, sorghum and maize 
as staple crops with minimum inputs and equipment, resulting in low yield. Productivity 
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varies strongly due to a large diversity in activities and assets between farmers of the same 
agro-ecological zone (Sanogo, 2010) 
It is important to recognize that Sudano -Sahelian farmers are not all homogeneously poor and 
also not homogeneously vulnerable to climate change. Some farmers who are engaged in
many other activities that may provide a large share of their income (Bryceson, 2003; Nielsen 
and Reenberg, 2010; Reardon, 1993) are less vulnerable and have a better capacity to cope 
with adverse climate impacts. 
In the study site of interest, farms were split into three groups: a large farm type (6%), a 
medium farm type (81%) and a small farm type (12%) (Djouara et al., 2006). This typology 
was based mainly on land holding, ownership of farming assets (plough, seeder, and 
cultivator) and number of cattle and cropping system (Table 1). 
In terms of crops, the area allocated to cotton is larger on large and medium farm types, while 
for small farms cropping is more focused on sorghum and millet.  
In the next paragraph, I use this farm typology to analyse the potential impact of climate on 
smallholder food self - sufficiency in southern Mali by using the outputs generated in Chapter 
5.
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Table 6.1: Characteristics of farm types of the cotton zone in southern Mali  
Large farm 
type
Medium farm 
type
Small farm 
type
Household size 34 16 8
Number of workers 19 9 4
Heads of oxen 41 8 1
Ploughing units 3.0 1.4 0.3
Total cropland area (ha) 18.2 10.1 3.9
Cotton (% of cropland 
area) 42 30 8
Cotton yield (kg ha-1) 1082 998 984
Maize (% of cropland 
area) 6 18 12
Maize yield (kg ha-1) 2242 1380 529
Millet (% of cropland 
area) 21 16 52
Millet yield (kg ha-1) 926 703 648
Sorghum (% of 
cropland area) 31 36 28
Sorghum yield (kg ha-1) 1056 801 739
Cropland area per 
person (ha) 0.54 0.63 0.48
Cropland area per 
ploughing unit (ha) 6.11 7.19 14.81
(Djouara et al., 2006) 
1 ploughing unit = 2 oxen + 1 plough 
6.3. Impact of climate change on smallholder family food self-sufficiency 
The impact of climate change on smallholder family food sufficiency was evaluated based on 
the balance of total energy produced and required at the household level. Total available 
energy (kcal) was calculated based on cereal production and grain energy content (FAO, 
1990). Requirements were determined based on the number of household members and the 
average daily energy requirement (2450 kcal/person/day) (FAO and INPhO, 1993). We made 
the assumption that millet and sorghum are similarly affected by climate change, thus the 
effects of climate change on millet, estimated in Chapter 5 were also applied to sorghum.  
Observed average yields of each farm type (Table 6.1) and total land areas were used to 
determine the current total farm production. The relative impacts of future climate change that 
were quantified in chapter 5 together with these observed average yields were used to 
calculate the expected absolute changes in yield under the different scenarios of climate 
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change and adaptation. For the large farm the adaptation option was based on application of 
the recommended fertilizer rate. For the medium and small farm types adaptation options 
were application of the recommended fertilizer rate and planting early in the growing season.  
Our results showed that, under current conditions, the energy requirements of the large and 
medium farms were satisfied by on-farm production while the small farm type did not achieve 
food self-sufficiency (Table 6.2).  
Under future climate change, our results indicate that without adaptations, food availability 
will be reduced for all farm types, but that large farms will still achieve food self – sufficiency 
(Table 2). The medium and small farm types experience a further decrease in food self-
sufficiency. (Butt et al., 2005a) indicated a large impact of future climate change on food 
security at the country level of Mali resulting in an increase of the risk of hunger from 44% to 
64% of the population. We can infer that risk of hunger the household of medium and small 
farm types will increase, thus according to the FAOs’ ranking by the risk of hunger, the
country might reach the highest risk category of hunger.  
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Table 6.2: Future climate change impact on the food self-sufficiency of large, medium and small farm 
types. 
Farm type Cropping practice Climate 
Maize 
(kg farm-
1)
Millet 
(kg farm-
1)
Sorghum 
(kg farm-1)
Gross 
margin 
US$ pers.-
1day-1
Food self-
sufficiency 
(% of 
kcal)
Large 
farm
Current 
practice
Baseline 2451 4927 7390 0.27 176
rcp4.5 1605 4457 6685 0.22 152
rcp8.5 1538 4542 6163 0.14 146
Adaptatio
n
option
F2 rcp4.5 1944 6149 9224 0.22 206
rcp8.5 1939 6063 9094 0.21 204
Double 
maize 
area 
F2 rcp4.5 3887 5262 8337 0.25 208
rcp8.5 3879 5188 8220 0.24 206
Medium
farm
Current 
practice
Baseline 3650 1503 3506 0.37 103
rcp4.5 2679 1393 3251 0.30 87
rcp8.5  2568 1386 3235 0.29 85
Adaptation 
option
F2*D1 rcp4.5 4851 2022 4979 0.42 141
D1 4005 1907 4696 0.35 126
F2 2986 1477 3447 0.22 94
F2*D1 rcp8.5 4840 1979 4874 0.44 139
D1 3838 1897 4672 0.37 124
F2 2979 1446 3375 0.25 93
Double 
maize area 
F2 rcp4.5 9701 855 3748 0.67 169
rcp8.5 9679 837 3669 0.67 168
Small 
farm
Current 
practice 
Baseline 693 1802 970 0.27 41
rcp4.5  678 1746 940 0.26 40
rcp8.5 650 1654 912 0.25 38
Adaptation 
option
F2*D1 rcp4.5 1228 2701 1571 0.44 65
D1 1014 2547 1358 0.39 59
F2 1144 1870 1088 0.34 49
F2*D1 rcp8.5 1225 2644 1492 0.43 64
D1 972 2534 1318 0.38 57
F2 1142 1830 1033 0.33 48
Double 
maize area 
F2 rcp4.5 2456 2389 1235 0.55 72
rcp8.5 2450 2339 1173 0.54 71
Current practice fertilisation is 65 kg ha-1 of nitrogen for maize and no application of nitrogen 
for millet and sorghum. Recommended fertilizer (F2) for maize is 85 kg ha-1 and 40 kg ha-1
for millet and sorghum and D1 represents the early planting date. Early and medium planting 
date with long duration variety was considered as the current planting practice for large and 
medium farm type respectively and late planting and short duration variety was considered as 
current practice for small farm type. For each farm type maize area was doubled at the 
expense of millet and sorghum but without changing the total farm land area. 
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6.4. Role of planting date in mitigating the impact of climate change and supporting food 
self-sufficiency for smallholder farmers 
Several studies showed changing planting may help mitigate the negative effects of future 
climate (Adams et al., 1999; Rosenzweig and Hillel, 1998). Our results show that the 
effectiveness of planting date as an adaptation option varies according to farm type. Early 
planting is an important option to achieve food self-sufficiency for the medium and small 
farm type. Other studies (Soler et al., 2008; Kamara et al., 2009) have also shown the 
importance of planting date for enhancing crop productivity, but here we show that this option 
for medium and small farmers is also an essential entry point to stabilize yields in the face of 
climate change. Farmers need to plant as early as possible to take advantage of the flush of 
available nitrogen associated with early rains and to avoid weed pressure (Stoop et al., 1981;
Vaksmann et al., 1996).  
It is important to note that delaying planting by about a month does not have too detrimental 
an effect on crop yields, and that strong differences exist between different crops, as shown in 
Chapter 3. For instance for maize and sorghum the differences in grain yields between early 
and medium planting dates are smaller than those between medium and late planting, while 
for millet early planting was not a good option over the three years of the trial and for all of 
the three varieties. This means that addressing smallholder food self-sufficiency depends upon 
the capacity of each farm type to choose appropriately the planting date based on 
development of the season while taking into account the acceptable planting date window for 
each individual crop. 
6.5. Role of crop variety in meeting smallholder food self-sufficiency 
Our results in Chapter 5 showed that long duration varieties performed better than short 
duration varieties under climate change. Increases in temperature lead to a reduction of time 
to flowering, and this reduction affects the production of short duration varieties more 
strongly than long duration varieties. My experimental results showed that year to year 
variation in the length of the growing period (Chapter 4) limits the possibility of planting long 
duration varieties. Furthermore the analysis of farmer perceptions in Chapter 3 showed that 
many farmers prefer short duration varieties, because they perform better in bad, short 
growing seasons even though on average they yield less than long duration varieties.  
The challenge is to determine up to what date it is best to plant a long duration variety and 
from which date onwards it is best to plant a short duration variety. In combination with 
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weather forecast this could help farmers to make a plan, possibly even before the beginning of 
the rainy season.  
The past dynamic of changes in cotton varieties (Fig 6.1) and in cereals (FAO, 2008c;
Soumaré et al., 2004) in southern Mali suggests that new varieties continue to be released and 
adopted, which might offer opportunities to respond to the future climate challenges. But 
considering the relatively small budget that is invested into crop improvement in most sub-
Saharan countries whilst impacts of climate change are projected to worsen by mid-century 
(Chapter 5), investment in research and development need to be rapid and substantial in order 
to have a substantial impact on agriculture output on time. Added to this, constraints of 
restrictions on importing technologies and high regulatory barriers to the release of new 
technologies, such as the varieties developed by the private sector (World Bank, 2008) should 
be softened and rapid access by farmers to new varieties should be improved. For instance, 
improved cultivars exist in Mali but are not widely adopted (Butt et al., 2005b). If they would 
be adopted agricultural production could significantly increase and make the country’s food 
security situation more resilient in the face of current and future climate.
Fig 6.1: Dynamic and diversity of cotton variety used by farmers in the district of Fana from 
1974 to 2004 (CMDT database). 
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6.6. Role of application of recommended fertilizer 
If the recommended rate of chemical fertilizer is used, large and medium farm types are food 
self-sufficient, indicating the importance of chemical fertilizer as an adaptation option. This is 
in line with our findings at field scale described in Chapter 3. Although farmers are aware of 
the beneficial effects of chemical fertilizer on crop productivity, access to input markets 
remains the main constraint. In southern Mali, access to fertilizer mainly depends on growing 
cotton. As small farm types have a small land area and their cropping systems are oriented to 
cereals, they have little opportunity to increase the cotton area, leading to limited access to 
fertilizer as a consequence. Supporting small farm types to cope with impact of climate 
change through using fertilizer demands facilitating access to credit (Ebi et al., 2011).
Moreover, the current government policy of subsiding fertilizer should give particular 
attention to the needs of the small farm type. 
Besides increasing the amount of fertilizer, there is also still room in the current cropping 
system to improve fertilizer management practices for all farm types. Achieving this requires
the development of an effective means to increase fertilizer use efficiency (Bationo et al., 
1998; Buerkert and Lamers, 1999; de Ridder et al., 2004). For instance, several studies 
showed that the technique of micro-dosing or hill application of fertilizer improved crop 
yields considerably as well as farmers’ income from cereal production (Abdoulaye and 
Sanders, 2005; Sawadogo-Kaboré et al., 2009; Tabo et al., 2007). 
6.7. Sustainable intensification to cope with impact of climate change for sustainable 
food production 
In Chapter 5, our results showed that using chemical fertilizer is a possible option for 
increasing crop production in order to meet the food requirements of smallholder farmers. In 
this section, we show that this is possible only if based on sustainable soil fertility 
management. Indeed, soils in most Sudano - Sahelian regions of West Africa are 
characterized by low organic matter content, low water holding capacity and inherent low 
fertility and are prone to degradation (Bationo et al., 2007; Breman and Sissoko, 1998; Giller 
et al., 2011; Piéri, 1989; Zida, 2011). Unsustainable land use and management involving 
intensive soil tillage and removal of biomass lead to a decrease of soil organic matter content, 
deterioration of important soil physical parameters and consequently an increase in soil 
erosion (Ouédraogo et al., 2006; Sissoko et al., 2013). 
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In this situation future climate impacts are an extra pressure in addition to the existing 
problem of degrading soils. The challenge is to find an approach that ensures sustainable 
production and can help smallholder farmers to cope with the impacts of the future climate.  
To overcome soil fertility constraints integrated soil fertility management (ISFM) is a possible 
starting point for sustainable production (Vanlauwe et al., 2010). In this system, farmers apply 
soil fertility management practices, improved and diversified crop cultivars in combination 
with knowledge according to local conditions. This improves fertilizer and organic resource 
use efficiency and crop production (IFDC, 2008). Organic resources can help to build-up the 
stock of soil organic carbon, which besides positive effects on soil nutrient supply can also 
improve soil moisture availability due to increased moisture retention (Nyamangara et al., 
2001). The use of organic inputs such as leguminous green manures and the use of crop 
residues in combination with locally available Tilemsi rock phosphate could be an option for 
maintaining soil fertility and sustaining crop production that would be within the scope of 
most smallholder farmers (Pedercini et al., 2012). 
6.8. Taking advantage of local weather stations for better crop management 
Poor understanding of the drivers of African climate and their complex interactions is partly 
due to a severe lack of local weather data (Conway, 2009), which also makes it difficult to 
plan agricultural activities. There is a need to fill this gap by facilitating the access by farmers 
to the weather information that is present and improve the weather measurement network in 
West Africa. Local research must be a multidisciplinary approach where extension services 
and national weather service collaborate in the establishment of early warning systems. 
Improvement of the current weather forecasts for these regions is urgently needed, resulting in 
information that is meaningful for local farmers. For instance, the growth in the use of mobile 
phone in Mali particularly in rural area constitutes a new channel and a new opportunity to 
supply climate information. In Kenya, studies showed that it is possible to reach millions of 
farmers with climate services that support decision-making under a changing climate by using 
mobile phone (Aker, 2011). The ability to anticipate climate variability and its effects on 
agriculture production gives farmers the opportunity to better manage climate related risks 
(Hammer et al., 2001; Hansen et al., 2011). In the short term, an improved weather 
forecasting system will increase the ability of farmers to take appropriate actions to face 
adverse weather events. It offers the farmer an opportunity to improve the timing and 
management of inputs in ways that reduce financial and production risks. 
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6. 9. Room for increasing the cropped area of maize 
The cropped area of maize has increased during the past 20 years in Mali but it is still less 
than that of sorghum and millet. In Chapter 3, the gross margin was calculated at field level 
for each of the crops, and this indicated that if we fertilize maize, the income per ha is larger 
than that of fertilized millet. This indicates that there is room to increase the area allocated to 
maize. The principal constraint of increasing the area under maize is related to access to 
fertilizer. The silent revolution of maize production that started in the 1960s was driven by 
farmers’ increased adoption of fertilizer and its increased application rate (Foltz et al., 2012),
which was strongly supported by the cotton company. This adoption resulted in decreasing 
areas under millet and sorghum (Soumaré et al., 2004). 
The current difficult economic situation of the Cotton Company is resulting in more limited 
access to inputs for farmers, which could also limit the further expansion of maize. An 
alternative solution could be the establishment of a credit system which is different from the 
current cotton company system to ease the access to inputs. Our results showed that 
increasing the area under maize is an option to meet family food needs and also to improve 
family income (Table 2). For the small farmer type, even if the increase of maize area did not 
cover the full family food needs, it did improve their food availability on average. 
6.10. The planter `semoir NAFAMA`: an option for saving time  
Smallholder farmers without animal traction face a major challenge to be able to plant with 
the first useful rain in order to maximize rainfall use efficiency and avoid the recurrent 
drought at end of the season. Taking advantage of early planting is not possible for all 
farmers, especially for the smaller farms. A promising alternative is to improve labour use 
efficiency, because farming in the region, as in most of sub-Saharan Africa, is based on 
manual labour while making use of rudimentary equipment. Furthermore, as the rainy season 
is short in the Sudano - Sahelian zone and the beginning of the rainy season is in most cases 
uncertain, farmers are under pressure to plant their land in a very short period of time, which 
creates a peak labour shortage. In this context improving labour use efficiency is a critical 
entry point to achieve early planting. 
One important option to address this constraint is by intermediate, easy access technology 
(Kouyaté et al., 2000; Pedercini et al., 2012; World Bank, 2008). Indeed in most of sub-
Saharan Africa, technologies based on small scale mechanization (planter, plough, 
scarificator) in combination with a draught animals has been successful (CTA, 1997). Many 
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farmers have rapidly adopted this technology because of time saving  (FAO, 2008a). 
However, since its first introduction in the 1970s, this type of equipment has evolved only 
marginally. In Mali, there have been attempts to introduce planting machines, but this 
initiative failed and was not adopted by farmers because the equipment was difficult to 
manufacture by local blacksmiths. Research undertaken recently by the ``programme coton de 
NTarla`` and supported by CMDT (Compagnie Maliennne pour le Developppement du 
Texile) has resulted in the design and development of a planting machine called the `Semoir 
NAFAMA’ (Fig 6.3), mainly aimed at planting cotton, millet, sorghum and maize. At the 
moment the `Semoir NAFAMA’ has been tested for planting cotton (Fig 6.4) and for 
application of chemical fertilizer (Fig 6.5).  
Research has shown that `Semoir NAFAMA’ can plant cotton according to the agricultural 
research recommendations (Table 3). With the `Semoir NAFAMA’ the farmer can reduce the 
time needed for planting by 35-40%, resulting in reduced human drudgery and better 
timeliness of operations which may also allow to bring more land into cultivation (FAO, 
2008a). In addition, it can apply and bury chemical compound fertilizer and urea while in the 
current situation, farmer apply chemical fertilizer by spreading. 
Although effects of increased nitrogen use efficiency due to the planter have not yet been 
documented, but several studies have shown a large increase of crop yield due to the localized 
application of chemical fertilizer (Abdoulaye and Sanders, 2005; Sawadogo-Kaboré et al., 
2009; Tabo et al., 2007). With the `Semoir NAFAMA’ large sized farms will have the 
possibility to plant the totality of their land at an early planting date and medium and small 
sized farm types will likely have the opportunity to plant a large part of their land at the 
beginning of the rainy season. Despite the opportunity offered by this technology, the current 
challenge is its access for farmers. Given the low income of smallholder farmer, access to this 
technology should be facilitated by collaboration between research and extension workers for 
the dissemination and by local policy support through subsidies or credit services. 
Table 6.3: Performance of the planter (semoir NAFAMA) compared with the reference (recommended 
practice). 
Cotton seed 
(grain kg ha-1)
Chemical compound 
fertilizer (kg ha-1)
Urea 
(kg ha-1)
Time of planting 
(hour ha-1)
Reference 14 150 50 6.8
Semoir NAFAMA 17.2 152 53 4.4
STD 0.9 3.7 2.9 0.21
CV % 6.2 2.4 5.5 4.8
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Fig 6.3: Planter ‘‘Semoir NAFAMA’’
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Fig 6.4: Planting of two lines 
with ‘’semoir NAFAMA’’
Fig 6.5: Application of fertilizer 
with planter ‘‘Semoir 
NAFAMA’’
0.80 m
0.60 m
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Conclusion
In this study I have quantified how climate variability constrains agricultural production in 
southern Mali, and how climate change can exacerbate this situation. Climate variability is a 
key driver for rain fed agriculture, the most common agricultural practice in southern Mali, 
and average total rainfall is not necessarily a good indicator of a good rainy season or 
associated with good crop production. The determining factor is the within season rainfall 
distribution. A key component of this distribution is the start of rainy season, delay of which 
can lead to delays in cropping practices and reduced production. 
After having analyzed past climate of southern Mali, I have had opportunity to understand the 
perception of farmers from the village of N’Goukan and Try on climate change and 
variability. It is clear that for farmers climate change is a reality as it is scientifically proven. 
Training of farmers on important aspects of weather and its variability, and especially on the 
onset of the rains, is critical to enhancing farmers’ adaptive capacity to climate change. The 
main challenge remains to get farmers informed up to a level that they will take into account 
weather information in their management decisions for their production system. This will 
depend on efficient weather information systems, and information in a form that is readily 
usable for farmers. 
Through a field experiment on research station I tried to find out different technical options 
that may be readily available to farmers to adapt to the intra-annual climate variability. I 
found that adaptation to climate variability is not a straightforward choice for early or late 
planting, nor for long or short duration varieties. For the best choice, information on planting 
date and variety needs to be combined and based on the nature of the current weather. 
Drought risk can be avoided by better decisions on planting date (do not plant too early or too 
late) in combination with the choice of varieties that are adapted to current rainfall. 
Beyond the challenges related with the present weather, a major concern is to quantify the 
impact of future climate on crop production and to provide appropriate adaptation solutions to 
ensure food security for the region. Although the negative impacts of future climate on crop 
production are substantial, I showed that coping with climate change appears to be possible. If 
current crop management is improved by avoiding delays in planting, application of 
recommended fertilization rates and use of best performing crop varieties yield losses due to 
climate change can be compensated and even turned into a yield increase compared with 
current yields. 
In conclusion, understanding of past, current and future climate change and variability is 
crucial to address the food shortages in Sudano - Sahelian zone of West Africa. This thesis 
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has quantified the negative effect of climate change and variability on crop yields and on the 
food self-sufficiency of smallholder farms, and identified some adaptation strategies which in 
some cases are based on adopting better cropping management strategies. I hope that the 
findings reported in this thesis will be useful to scientists, policy maker and extension services 
in coping with climate change and variability in southern Mali. 
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Appendix 1: APSIM simulation of leaf area index 
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Appendix 2: APSIM simulation of Extractive soil water 
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Appendix 3: code used in Genstat for Statics analysis  
RESTRICT  Yield ; Crop.ni. 'cotton' 
BLOCK Bloc/main_plot/plot/subplot 
matrix   [row= !t('maize-millet', 'maize-sorghum', 'millet-sorghum');col=4;\ 
val=0,1,-1,0, 0,1,0,-1, 0,0,1,-1] contr
TREATMENTS year*comp(Crop;3;contr)*variety*date 
COVARIATE "No Covariate" 
ANOVA [PRINT=aovtable,information,means; FACT=32; CONTRASTS=7; 
PCONTRASTS=7; \ 
      FPROB=yes; PSE=diff] Yield ; RES=res ; FIT=fit 
GRAPH  [NRO=25 ; NCOL=65] res ; fit 
RESTRICT  Yield 
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Summary  
In the Sudano-Sahelian zone of West Africa (SSWA) agricultural production remains the 
main source of livelihood for rural communities, providing employment to more than 60 
percent of the population and contributing to about 30% of gross domestic product. 
Smallholder agricultural production is dominated by rain-fed production of millet, sorghum 
and maize for food consumption and of cotton for the market. Farmers experience low yields 
and variable yields resulting in increasing uncertainty about the ability to produce the food 
needed for their families. Major factors contributing to such uncertainty and low productivity 
are climate variability, poor soil fertility, poor agricultural management and climate change. 
The objective of this thesis was to evaluate through experimentation, modelling and 
participatory approaches the real and perceived characteristics of climate variability and 
change and their effects on crop production in order to identify opportunities for enhancing 
the adaptive capacity of farmers in the Sudano - Sahelian zone. 
The general approach was based on, first, understanding the past trend of climate and its 
effect on the yield of main crops cultivated in southern Mali; second, evaluating together with 
farmers different adaptation options in the field; third, evaluating climate adaptation options 
through experimentation on station; and fourth, evaluating the consequences of different 
adaptation options under different long term scenarios of climate change. 
Effects of past climate variability and change on crop production in southern Mali were 
quantified by analysing long-term time series of weather data recorded in southern Mali, use 
of crop yield data from an experiment at the research station of the Institut de l’Economie 
Rurale de N’Tarla and from farmers’ fields in ten districts in southern Mali. Minimum daily 
air temperature increased on average by 0.05oC per year during the period from 1965 to 2005 
while maximum daily air temperature remained constant. Seasonal rainfall showed large 
inter-annual variability with no significant change over the 1965 – 2005 period. However, the 
total number of dry days within the growing season increased significantly at N’Tarla, 
indicating a change in rainfall distribution. Yields of cotton, sorghum and groundnut at the 
N’Tarla experiment varied (30%) without any clear trend over the years. There was a negative 
effect of maximum temperature, number of dry days and total seasonal rainfall on cotton 
yield. The variation in cotton yields was related to the rainfall distribution within the rainy 
season, with dry spells and seasonal dry days being key determinants of crop yield. In the 
driest districts, maize yields were positively correlated with rainfall. Our study shows that 
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cotton production in southern Mali would be affected by climate change, in particular through 
changes in the rainfall distribution. 
A study on farmer’s perceptions of climate change and variability and agricultural adaptation 
option in southern Mali was conducted in the village of Try and N’Goukan in 2010 and 2011. 
This study aimed to understand farmers’ perceptions and to evaluate adaptation options 
together with farmers, including tactical management of planting date and use of mineral 
fertilizer. Farmers perceived an increase in annual rainfall variability, an increase in the 
occurrence of dry spells during the rainy season, and an increase in temperature. Overall, this 
is in line with the observed meteorological data, except for the perceived decrease in rainfall 
during the growing season, which was not observed. Drought tolerant, short maturing crop 
varieties and appropriate planting dates were the commonly preferred adaptation strategies to 
deal with climate variability. Use of chemical fertilizer enhances the yield and profitability of 
maize while the cost of fertilizer prohibits making profit with fertilizer use on millet. Training 
of farmers on important aspects of weather and its variability, and especially on the onset of 
the rains, is critical to enhancing adaptive capacity to climate change. 
A field experiment was carried out during three consecutive growing seasons (from 2009 to 
2011) at the agricultural research station of N’Tarla to evaluate climate adaptation options for 
Sudano-Sahelian cropping systems. Four major crops (maize, millet, sorghum and cotton) 
were included in the experiment. For each crop, three planting dates (early, medium, and late) 
and three varieties of long, medium, and short duration were compared. For fertilized cereal 
crops, maize out yielded millet and sorghum by respectively 57% and 45% across the three 
seasons. Analysis of 40 years of weather data indicated that this finding holds for longer time 
periods than the length of this trial. Late planting resulted in significant yield decreases for 
maize, sorghum and cotton, but not for millet. However, a short duration variety of millet was 
better adapted for late planting. When the rainy season starts late, sorghum planting can be 
delayed from the beginning of June to early July without substantial reductions in grain yield. 
Cotton yield at early planting was 28% larger than yield at medium planting and late planting 
gave the lowest yield with all three varieties. For all four crops the largest stover yields were 
obtained with early planting and the longer planting was delayed, the less stover was 
produced. There was an interaction between planting date and variety for millet and sorghum, 
while for maize and cotton the best planting date was more affected by the weather 
conditions. The findings of this study can support simple adaptation decisions: priority should 
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be given to planting cotton early; maize is the best option if fertilizer is available; planting of 
maize and sorghum can be delayed by up to a month without strong yield penalties; and millet 
should be planted last. 
Long-term time series of future climate for the Sudano-Sahelian zone of Mali were coupled 
with the Agricultural Production Systems sIMulator (APSIM) model to analyse impacts of 
future climate change on cereal production and to evaluate potential adaptation options of 
crop management. We analysed changes in future rainfall, maximum and minimum 
temperature under two climatic scenarios leading to a radiative forcing of 4.5 Wm-2 and 8.5 
Wm-2. The main findings indicated that the temperature will increase over time. Generally 
stronger increases occur in the rcp8.5 scenario compared to the rcp4.5 scenario. The total 
annual rainfall is unlikely to change. By mid-century predicted maize grain yield losses were 
45% and 47% with farmer’s practice in the rcp4.5 and rcp8.5 scenarios respectively. The 
recommended fertilizer application did not offset the climate change impact but reduced the 
yield losses to 38% of the baseline yield with farmer’s practice. For millet median yield loss 
was 16% and 14% with farmer’s practice in the rcp4.5 and rcp8.5 scenario. If the 
recommended fertilizer rates are applied, the predicted yield losses with farmer’s practice due 
to climate change are reversed in both climate scenarios. Coping with climate change appears 
to be possible. If current crop management is improved by avoiding delays in planting, 
application of recommended fertilization rates and use of best performing crop varieties yield 
losses due to climate change can be compensated and even turned into a yield increase 
compared with current yields.  
Finally in general discussion I synthesised the main findings and draw some important 
conclusions in the context of smallholder farming system in the Sudano - Sahelian zone of 
West Africa. Our results showed that, under current conditions, the energy requirements of 
the households were satisfied by on-farm production for the large farm type while the medium 
and small farm type did not achieve food self-sufficiency.
Under future climate change, food availability will be reduced for all the farm types, but the 
large farm will still achieve food self – sufficiency in terms of energy requirement. The 
medium and small farm types see a further decrease in food self-sufficiency.  
Addressing smallholder food self-sufficiency depends upon the capacity of each farm type to
appropriately choose the planting date while taking into account the acceptable planting date 
window for each individual crop. Effectiveness of planting date as an adaptation option varies 
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according to farm type. Early planting is an important option to meet food self-sufficiency for 
the medium and small farm type. Strategies to cope with future climate are sustainable only 
when they are based on a sustainable production system incorporating appropriate soil fertility 
management. 
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Samenvatting 
Landbouw productie blijft de belangrijkste bron van inkomsten voor rurale gemeenschappen 
in de Sudan-Sahel zone van West Africa (SSWA) door banen te verschaffen voor meer dan 60 
procent van de bevolking en door een bijdrage van ongeveer 30% aan het bruto nationaal 
product. Kleinschalige agrarische productie wordt gedomineerd door regenval afhankelijke 
productie van gierst, sorghum en mais voor voedselconsumptie en van katoen voor verkoop 
op de markt. Boeren hebben te maken met lage opbrengsten die leiden tot toenemende 
onzekerheid over hoe ze voldoende voedsel kunnen produceren om hun families te voeden. 
De belangrijkste factoren die deze lage productie en de daaruit volgende onzekerheid bepalen 
zijn de variabiliteit in het weer, een lage bodemvruchtbaarheid, slecht agrarisch beheer en 
klimaatsverandering. De doelstelling van deze thesis was om door experimenteel werk, 
modellering en participatieve methoden de echte variabiliteit, en veranderingen hierin, van het 
weer te contrasteren met wat de boeren denken dat deze variabiliteit is en denken wat er aan 
het veranderen is en de consequenties van deze variabiliteit en veranderingen daarin op 
gewasproductie te evalueren. Dit alles om mogelijkheden te identificeren om de 
aanpassingsmogelijkheden van boeren in de Sudan-Sahel zone te verbeteren.  De algemene 
aanpak was om ten eerste, de klimaat trend en haar gevolgen voor de productie van de 
belangrijkste gewassen van zuid Mali in de afgelopen 40 jaar te analiseren; ten tweede om 
samen met boeren verschillende aanpassingsmogelijkheden in het veld te evalueren; ten derde 
om klimaatsaanpassingen te evalueren door middel van experimenten op een veldstation; en 
ten vierde om de lange termijn consequenties van verschillende aanpassingsmogelijkheden te 
evalueren onder verschillende scenarios van klimaatsverandering. 
Effecten van variabiliteit in het weer in de afgelopen 40 jaar op gewasproductie in Mali 
werden gekwantificeerd door het analyseren van lange termijn datasets van het weer in zuid 
Mali, het gebruik van gewasopbrengst data van een experiment uitgevoerd op het 
onderzoeksstation van het Institut de l’Economie Rurale te N’Tarla en op boerenvelden in 
zuid Mali. De minimum dagtemperatuur nam gemiddeld met 0.05oC per jaar toe gedurende de 
periode van 1965 tot 2005, terwijl de maximum dagtemperatuur constant bleef. De regenval 
per seizoen liet een grote jaarlijkse variabiliteit zien, met geen significant verandering over de 
periode van 1965 tot 2005. Het totaal aantal droge dagen gedurende het groeiseizoen nam 
significant toe in N’Tarla, what een verandering aangeeft in de regenval distributie. De 
opbrengsten van katoen, sorghum en pinda in het N’Tarla experiment varieerden sterk van 
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jaar tot jaar, zonder een trend te laten zien in de tijd. Er was een negatief effect van maximum 
temperatuur, het aantal droge dagen en de totale hoeveelheid regenval per seizoen op de 
katoenopbrengst. De variatie in katoenopbrengsten was gerelateerd aan de regenval distributie 
binnen een seizoen, waarbij droogteperiodes en het aantal droge dagen de bepalende factoren 
waren voor de gewasopbrengst. In de droogste gebieden waren de mais opbrengsten positief 
gecorreleerd aan regenval. Onze studie liet zien dat katoen productie in zuid Mali beinvloed 
wordt door klimaatsverandering, en dan met name door veranderingen in de regenval 
distributie. 
Een studie naar de door boeren geobserveerde klimaatsverandering en klimaatsvariabiliteit en 
de agrarische adaptatie-opties in zuid Mali werd uitgevoerd in de dopren Try en N’Goukan in 
2010 en 2011. Deze studie beoogde om de meningen van boeren over klimaatsverandering en 
ariabiliteit te begrijpen en om samen met hen adaptatie-opties te evalueren, waaronder de 
keuze van plant datum en het gebruik van kunstmest. Boeren vertelden dat er een toename is 
in regenval variabiliteit, een toename in het aantal droogteperiodes gedurende het 
groeiseizoen, en een toename in temperatuur. Over het algemeen is dit in overeenkomst met 
de geobserveerde meteorologische data, behalve voor de afname in regenval tijdens het 
groeiseizoen die de boeren dachten waar te nemen, welke niet aanwezig was in de data. 
Droogte tolerante en snel rijpende  crop varieteiten waren de meest geprefereerde adaptatie 
opties om met klimaatsvariabiliteit om te gaan. Gebruik van kunstmest laat de opbrengst en 
het financieel gewin van mais toenemen, terwijl voor gierst kunstmest te duur is om er winst 
mee te maken. Cursussen voor boeren over de belangrijke aspecten van weer and zijn 
variabiliteit, vooral bij het begin van het regenseizoen, is van kritisch belang om de capaciteit 
voor adaptatie aan klimaatsverandering van boeren te verbeteren.  
Een veld experiment werd gedurende drie opeenvolgende groeiseizoenen (van 2009 tot 2011) 
uitgevoerd op het agrarische onderzoeksstation te N’Tarla om klimaats adaptatie opties te 
evalueren voor Sudan-Sahel gebaseerde gewas-systemen. Ik evalueerde de effecten van plant 
datum op de opbrengsten van verschillende varieteiten van 4 belangrijke gewassen (mais, 
gierst, sorghum en katoen). Drie plant data (vroeg, gemiddeld en laat) en drie varieteiten 
(lang, gemiddeld of kort rijpend) van elk gewas werden vergeleken. Bij de bemeste 
graangewassen was de opbrengst van mais 57% en 45% hoger dan die van gierst en sorghum. 
Analyse van 40 jaar weersgegevens liet zien dat deze bevindingen ook van toepassing zijn op 
langere periodes dan alleeen de drie jaren van het experiment. Een late plant datum 
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resulteerde in significante gewas opbrengst verliezen voor mais, sorghum en katoen, maar niet 
voor gierst. Een kort rijpende varieteit van gierst liet echter zien het best aangepast te zijn aan 
een late plant datum. Als het regenseizoen laat start kan het planten van sorghum uitgesteld 
worden van begin van juni tot begin van juli zonder substantieel verlies in graan opbrengst. 
De katoen opbrengst bij een vroege plant datum was 28% hoger dan de opbrengst bij een 
gemiddelde plant datum, en een late plant datum gaf de laagste opbrengst voor alle drie de 
geteste varieteiten. Voor alle 4 de gewassen werden de hoogste gewasrest opbrengsten 
behaald bij een vroege plant datum, en hoe langer het planten werd uitgesteld hoe lager de 
gewasrest opbrengst was. Er was een interactie tussen plant datum en varieteit bij gierst en 
sorghum, terwijl bij mais en katoen de beste plant datum meer door de weersomstandigheden 
werd beinvloed. De uitkomsten van deze studie kunnen eenvoudige adaptatie beslissingen 
ondersteunen: prioriteit zou gegeven moeten worden aan het zo vroeg mogelijk planten van 
katoen; mais is de best optie als kunstmest beschikbaar is; het planten van mais en sorghum 
kan met een maand uitgesteld worden zonder sterke opbrengstverliezen; en gierst zou als 
laatste geplant moeten worden.          
Een lange termijn tijd serie voor het toekomstige klimaat van de Sudan-Sahel zone van Mali 
werd gekoppeld aan de Agricultural Production Systems sIMulator (APSIM) model om de 
impact van de toekomstige klimaatsverandering op graan productie te analyseren. We 
analyseerden veranderingen in de toekomstige regenval, maximum en minimum temperatuur 
onder twee klimaatsscenarios die leiden tot een radiative forcing van 4.5 Wm-2 and 8.5 Wm-2;
quantificeerden het effect van klimaatsverandering op de opbrengsten van mais en gierst, en 
evalueerden potentiele adaptatie opties voor gewas management. De belangrijkste 
bevindingen lieten zien dat de temperatuur zal toenemen met de tijd. Een sterkere toename 
wordt voorspeld onder het rcp 8.5 scenario dan onder het rcp 4.5 scenario. De totale 
hoeveelheid regenval zal niet veranderen. De voorspelde graan opbrengst verliezen waren 
halverwege de eeuw 45% en 47% onder het huidige boeren management voor rcp 4.5 en rcp 
8.5 respectievelijk. De aanbevolen kunstmest gift kon dit verlies niet volledige compenseren, 
maar reduceerde het verlies wel tot 38%. Voor gierst waren de mediane gewasopbrengst 
verliezen 14% en 16% onder het huidige boeren management in de rcp 4.5 en 8.5 scenarios. 
Als de aanbevolen hoeveelheid kunstmest werd toegepast, werd het verlies omgezet in een 
toename van de opbrengst in beide klimaatsscenarios. Omgaan met klimaatsverandering lijkt 
mogelijk. Als het huidige gewas management wordt verbeterd door vertraging in planten te 
vermijden, door het toepassen van de aanbevolen hoeveelhied kunstmest and het gebruik van 
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de best presterende gewasvarieteiten kunnen de voorspelde verliezen in opbrengsten door 
klimaatsverandering gecompenseerd worden, en zelfs omgezet worden in een 
opbrengsttoename vergeleken met de huidige opbrengst niveaus.  
In de algemene discussie maak ik een synthese van de belangrijkste bevindingen van mijn 
onderzoek en trek ik een aantal belangrijke conclusies in de context van kleine 
boerenbedrijven in de Sudan-Sahel zone van West Afrika. Onze resultaten lieten zien dat 
onder de huidige omstandigheden, de benodigde voedselenergie van huishoudens wordt 
bereikt met de productie van relatief grotere bedrijven, maar dat de gemiddelde en kleine 
bedrijfstypen niet voedsel zelfvoorzienend zijn. Onder toekomstige klimaatsverandering zal 
voedselbeschikbaarheid afnemen voor alle bedrijfstypen, maar de relatief grootste bedrijven 
zullen nog steeds zelf voorzienend zijn in termen van energie. De aanpak van de voedsel 
zelfvoorziening van kleine boerenbedrijven hangt af van de capaciteit van elk bedrijftype om 
de juiste plant datum te kiezen op basis van de acceptabele plant datum ruimte voor elk 
gewas. De effectiviteit van plant datum als een adaptatie optie verschilt van bedrijf tot bedrijf. 
Vroeg planten is een belangrijke optie om voedsel zelfvoorzienend te worden voor de 
gemiddelde en kleine bedrijfstypen. Een strategie om om te gaan met het toekomstige klimaat 
kan alleen over een langere tijd succesvol zijn wanneer het gebaseerd is op een duurzaam 
productie-systeem het juiste management van de  bodemvruchtbaarheid.  
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Résumé 
En zone Soudano - Sahélienne l’agriculture est la principale source de revenu pour les 
communautés rurales. Elle emploie plus de 60% de la population totale et contribue à hauteur 
de 30% au Produit Intérieur Brut. Cette agriculture est basée sur des cultures pluviales :
sorgho, maïs et mil pour la nourriture humaine, et coton comme culture de rente. Ainsi ce type 
d’agriculture est fortement dépendant des conditions climatiques locales, en particulier de la 
pluviométrie, mais aussi du niveau de fertilité des sols et des pratiques cultures. La sécurité 
alimentaire des familles peut donc être remise en cause par des pratiques culturales
inappropriées, des sols dégradés et des variations climatiques à court (variabilité climatique)
et à long (changements climatiques) termes. L'objectif de cette thèse est d'identifier les 
options d'amélioration de la capacité d'adaptation des agriculteurs en zone Sudano –
Sahelienne via la caractérisation de la variabilité et changement climatique, et de leurs effets 
sur les productions agricoles. 
Notre approche générale est basée sur l’analyse de l’évolution du climat au cours des trente 
dernières années et de son impact sur les rendements des principales cultures pluviales au sud 
du Mali, l’identification et l’évaluation des différentes options d'adaptation à la variabilité et 
aux changements climatiques à l’aide de parcelles expérimentales, et l'évaluation des options 
d'adaptation en fonction de scénarios de changements climatiques via l’utilisation des outils 
de la modélisation. 
Les effets de la variabilité et des changements climatiques sur la production agricole au cours 
des trois dernières décennies ont été quantifiés par l’analyse de longues séries de données 
météorologiques mises en relation avec des suivis de rendements agricoles de l’essai organo-
minéral de la Station de Recherche Agronomique de N’Tarla. Il en résulte que la température 
minimale quotidienne de l'air a augmenté en moyenne de 0.05oC par an au cours de la période 
1965-2005, tandis que la température maximale quotidienne de l'air est restée constante 
pendant cette même période. Les pluies saisonnières ont montré une grande variabilité 
interannuelle mais sans changement significatif du cumul annuel des précipitations au cours 
de la période 1965-2005. Le nombre total de jours sans pluie durant la période de culture a 
augmenté de manière significative, indiquant ainsi un changement dans la distribution de la 
pluie. Les rendements de coton, de sorgho et d'arachide ont présenté une grande variabilité 
(30 %), mais sans tendance claire de la baisse durant 1965-2005.  Cependant des effets 
négatifs (significatifs) de la température maximale, du nombre de jours sans pluie et de la 
pluviométrie annuelle sur le rendement du coton ont été démontrés. 
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La variation des rendements de coton est liée à la distribution des précipitations et en 
particulier aux périodes de sécheresse intra-annuelle (intervalle sans pluies). Dans les zones à 
faible pluviométrie, les rendements de maïs sont positivement corrélés à la fréquence des 
pluies. L’étude montre que la production de coton dans le sud du Mali est affectée par le 
changement climatique, en particulier par des modifications dans la distribution des pluies. 
En 2010 et 2011, une étude a été menée au Mali (Try et N’Goukan) pour comprendre la 
perception des agriculteurs sur la variabilité et les changements climatiques, et pour évaluer 
des options d’adaptation à ces changements climatiques. Ces options sont basées sur 
l’amélioration de la gestion tactique des dates de semis et de l’utilisation des engrains
minéraux. Il en résulte que les agriculteurs ont perçu une augmentation de la variation 
interannuelle des précipitations, une augmentation de la fréquence des intervalles de 
sécheresse au cours la saison des pluies, et une augmentation de la température moyenne. 
Dans l'ensemble, ces perceptions des agriculteurs sont conformes aux observations 
météorologiques. Pour faire face à la variabilité climatique, les stratégies d’adaptation 
envisagées par les agriculteurs portent sur l’utilisation des variétés tolérantes à la sécheresse, 
des variétés à cycle court et le choix de dates de semis appropriées. Nos essais expérimentaux 
avec les agriculteurs montrent que l'utilisation de l'engrais chimique améliore les rendements
de maïs et de mil. Cependant elle ne semble rentable que pour la culture de maïs bien que le 
rendement de mil soit significativement augmenté. Enfin, pour améliorer les capacités 
d’adaptation des agriculteurs, il serait souhaitable de les sensibiliser sur les principales 
caractéristiques du climat et de sa variabilité, et surtout sur la gestion du calendrier cultural au 
début de la saison des pluies.  
Afin d’évaluer les options techniques d'adaptation à la variabilité climatique, un essai 
expérimental a été réalisé de 2009 à 2011 (Station de Recherche Agricole de N'Tarla). L’effet 
des dates de semis (précoce, moyenne et tardive) sur le rendement de trois variétés (cycle 
long, moyen et court) des quatre principales cultures pluviales (maïs, mil, sorgho et coton) ont 
été évalués. Les résultats montrent que le rendement moyen du maïs obtenu au cours des trois 
saisons agricoles est supérieur de 57% et 45% à celui du mil et du sorgho, respectivement.
L’analyse des données météorologiques sur les quatre dernières décennies confirme que ce 
résultat peut être valable sur une période aussi longue que celle la durée de l’étude. Bien que 
le semis tardif ait occasionné une baisse significative des rendements de maïs, de sorgho et de 
coton, ceci n’a pas été observé pour les rendements de mil. La variété à cycle court de mil
semble donc mieux adaptée pour les semis tardifs. Lorsque la saison des pluies commence 
tardivement, le semis de sorgho peut être retardé de début Juin à début Juillet sans réductions 
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significatives du rendement. Le rendement de coton avec la date de semis précoce était 28%
supérieur au rendement obtenu avec la date de semis moyenne. Pour les trois variétés (cycle 
long, moyen et court), le plus faible rendement a été obtenu avec le semis tardif. Les dates de 
semis en interaction avec les variétés ont un effet significatif sur les rendements de mil et de 
sorgho. Pour les rendements de maïs et de coton, la meilleure date de semis a été plus affectée 
par les conditions météorologiques. Les résultats de cette étude constituent une contribution 
majeure aux pratiques d'adaptation à la variabilité climatique. La priorité doit être accordée au 
semis du coton en début de la saison des pluies; le maïs est la meilleure option si l'engrais 
minéral est disponible; les semis du maïs et du sorgho peuvent être retardés jusqu'en début 
juillet sans une répercussion majeure sur le rendement et le mil doit être planté en dernier. 
Afin d’analyser l’impact des changements du futur climat sur les systèmes de production du 
maïs et du mil, nous avons utilisé des projections climatiques (2040-2069) pour la zone 
Soudano Sahélienne du Mali. Ces informations ont été ensuite couplées au modèle de culture 
APSIM (Simulateur des Systèmes de Production Agricole). Pour les cinquante prochaines 
années, nous avons analysé les changements de la pluviométrie, la température maximale et 
minimale et avons testé deux scénarios climatiques correspondant à une force radiative de 4,5 
Wm-2 (scenario rcp4.5) et 8,5 Wm-2 (scenario rcp8.5); nous avons ensuite évalué l'impact des 
changements du climat des années à venir sur les rendements de maïs et de mil, et ainsi évalué 
les options d'adaptation à ce changement. Les principaux résultats indiquent qu’au Mali, la 
température augmentera au cours de la période 2040-2069 dans le temps et cette augmentation 
sera plus forte avec le scénario rcp8.5. Dans l’ensemble la tendance de la pluviométrie 
annuelle varie peu. Les pertes de rendements de maïs seraient de 45% et 47% respectivement 
pour les scenarios rcp4.5 et rcp8.5. L'application des doses recommandées d'engrais minéraux 
ne permettrait pas permis de compenser l'impact du changement climatique mais elle réduirait 
significativement les pertes de rendement. Pour le mil, la perte de rendement est de 16% et 
14% respectivement pour les scénarios de rcp4.5 et rcp8.5. Si les doses d'engrais 
recommandées sont appliquées, ces pertes de rendement sont inversées dans les deux 
scénarios climatiques. Cette étude montre que faire face à la variabilité du climat et au 
changement climatique peut être possible: les pertes de rendement dues aux variations 
climatiques peuvent être compensées avec un choix adéquat des cultures et variétés, ainsi que 
l’amélioration des pratiques culturales (semis et fertilisation).
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